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FOREWORD 


This  report  \i as  prepared  for  the  Flight  Dynamics  Laboratory, 
Aeronautical  Systems  Division,  Fright-Patter son  Air  Force  Base,  Ohio. 

The  research  and  development  work  was  accomplished  by  Lockheed  Aircraft 
Corporation,  Georgia  Division,  Marietta,  Georgia  under  Air  Force  Contract 
■F33(6l6)-6966,  Project  Nr.  1370,  '•Dynamic  Problems  in  Flight  Vehicles", 
Task  fir.  13730^ "Methods  of  Poise  Prediction  Control  and  Measurement". 

"j.  D.  L.  Smith  of  the  Dynamics  Branch,  Flight  Dynamics  Laboratory, 
Jirectorate  of  Aeromechanics,  Deputy  for  Technology  whs  Task  Engineer. 
Desearch  covered  in  this  report  started  in  February  I960  and  is  part 
of  a  continuing  effort. 

The  authors  wish  to  express  their  sincere  appreciation  for  the 
valuable  mathematical  assistance  and  consultation  given  by  Dr.  J.  F. 
Andrus  of  the  i-iathemabical  Analjrsin  Department.  Our  thanks  alf  o  to 
other  members  of  the  Sound  and  Vibration  Section,  without  whose  help 
the  project  could  not  have  been  completed,  and  to  the  AEDC  personnel 
whoso  patience  and  cooperation  contributed  greatly  to  the  experimental 
program. 


ABSTRACT 


Theory  is  developed  for  the  resonant  frequencies  and  pressure  amplifications  of 
a  rectangular  cavity  of  arbitrary  dimensions  in  a  flow  field.  An  intermediate  step 
involves  the  derivation  of  radiation  impedance  for  a  cavity  at  all  Mach  numbers, 
using  the  concepts  of  retarded  potential  theory.  Experimental  results  are  given  for 
small  cavities  tested  in  the  subsonic  regime  and  for  cavities  up  to  8"  in  length  at 
supersonic  Mach  numbers  from  1 .75  to  5.0.  Comparisons  are  drawn  between  theoretical 
and  experimental  frequency  and  amplitude  response,  indicating  that  the  theory  developed 
gives  very  good  definition  of  the  problem. 


PUBLICATION  REVIEW 


This  report  has  been  reviewed  and  is  approved. 
FOR  THE  COMMANDER: 


/VI I  LI  ill  s  (/  •  iiliVL 
Oo'lone.l,  lioAF 


''V' 


Ch_;  d, 


Flight  Dyna.dco 


LanoraCcrv 


in 


WADD  TR  61-75 


1 


TABLE  OP  CONTENTS 

SECTION 

PAGE 

1. 

INTRODUCTION 

1 

li. 

THEORY 

2 

A. 

GENERAL  CONSIDERATIONS 

2 

B. 

RADIATION  IMPEDANCE 

3 

1.  STATIONARY  MEDIUM 

3 

2.  MOVING  MEDIUM 

7 

a.  Subsonic  Velocities 

7 

b.  Supersonic  Velocities 

11 

C. 

PRESSURE  RESPONSE 

21 

III. 

EXPERIMENTAL  TECHNIQUES 

25 

A. 

TEST  ARTICLES 

25 

1 .  EXPLORATORY 

25 

2.  WIND-TUNNEL  MODEL 

25 

a.  General 

25 

b.  Model  Mechanism 

25 

B. 

INSTRUMENTATION  AND  TEST  PROCEDURES 

26 

1 .  SOUND  PRESSURE 

26 

2.  STATIC  PRESSURE 

26 

3.  OPTICAL 

26 

4.  DATA  REDUCTION 

26 

IV. 

EXPERIMENTAL  RESULTS  -  EXPLORATORY 

34 

A. 

EFFECT  OF  MACH  NUMBER 

34 

B. 

SUPERSONIC  FLOW 

34 

C. 

EFFECT  OF  LENGTH 

35 

V. 

EXPERIMENTAL  RESULTS  -  AEDC 

40 

A. 

BOUNDARY-LAYER  CHARACTERISTICS 

40 

1.  VELOCITY  PROFILES 

40 

2.  TURBULENCE  SPECTRA 

40 

3.  AERODYNAMIC  NOISE 

40 

B. 

CAVITY  RESPONSE 

41 

WADD  TR  61-75 


iv 


SECTION 


VI. 


VII. 

VIII. 

IX. 


1. 

FLOW  STUDIES 

41 

ci.  Schlieren  Indications 

41 

b.  Oil-Flow  Movies 

43 

c.  Static-Pressure  Indications 

43 

(1)  Effect  of  Depth 

43 

(2)  Effect  of  Length 

43 

(3)  Effect  of  Width 

44 

(4)  Effect  of  Mach  Number 

44 

(5)  Effect  of  V 

44 

2. 

CHARACTERISTIC  FREQUENCIES 

44 

a.  Effect  of  Dimensions 

44 

b  .  Effect  of  Mach  Number 

45 

3. 

AMPLITUDE  RESPONSE 

46 

a .  Buffet  Response 

46 

(1)  Effect  of  Cavity  Dimensions 

46 

(2)  Effect  of  Depth 

46 

(3)  Effect  of  Mach  Number 

46 

(4)  Spatial  Distribution 

46 

b .  Resonant  Response 

46 

COMPARISON  OF  THEORY  AND  EXPERIMENT 

78 

A.  SHORT  CAVITIES 

78 

I  . 

SUBSONIC 

78 

a.  Frequency 

78 

b.  Amplitude  Response 

79 

2. 

SUPERSONIC 

80 

a.  Frequency 

80 

1  .  Amplitude  Response 

81 

B.  LONG  CAVITIES 

81 

CONCLUSIONS 

98 

DESIGN  SUMMARY 

99 

A,  CAVITY  LENGTH/DEPTH  <  1  .0 

99 

B.  CAVITY  LENGTH/DEPTH  >  1.0 

99 

REFERENCES 

108 

APPENDIX 

A  -  HELMHOLTZ  RESONATORS 

109 

APPENDIX 

B  -  RADIATION  IMPEDANCE-SUBSONIC 

111 

APPENDIX 

C  -  RADIATION  IMPEDANCE-SUPERSONIC 

133 

WADD  TR  61-75 


v 


FIGURE  TITLE  PAGE 

1 .  (a)  Field  Point  Connotation  4 

(b)  Coordinate  System  Used  For  Transformation  to  Cylindrical 

Coordinates  5 

2.  (a)  Illustrating  Pressure  Point  (x‘,  y')  In  Region  I  12 

Os)  Illustrating  Pressure  Point  (x1,  y')  in  Region  II  12 

3.  (a)  Illustrating  Limits  of  Integration  for  the  Supersonic 

Pressure  Equation  13 

(b)  Illustrating  Limits  of  Integration  for  the  Supersonic 

Pressure  Equation  13 

4.  (a)  Showing  Limits  of  Integration  for  the  Supersonic  Force 

Integral  14 

(b)  Showing  Limits  of  Integration  for  the  Supersonic  Force 

Integral  14 

5.  Illustrating  Change  from  Rectangular  to  Cylindrical  Coordinates 

for  Supersonic  Impedance  Integral  18 

6.  Exploratory  Test  Schematic  28 

7.  (a)  AEDC  Tunnel  Model  29 

(b)  Model  Top  View  30 

(c)  Cavity  Configuration  31 

8.  Instrumentation  Schematic  -  AEDC  32 

9.  Transducer  Locations  and  Mounting  Details  33 

10.  Frequency  Spectra  of  1"  Length  x  1"  Width  x  1"  Depth  Cavity 

In  Subsonic  Flow  36 

1 1 .  Frequency  Spectra  of  1"  Length  x  1 "  Width  x  1 "  Depth  Cavity 

In  Supersonic  Flow  38 

12.  Effect  of  Cavity  Length  On  Spectral  Response  39 

13.  Boundary-Layer  Profiles  49 

14.  Boundary-Layer  Turbulence  Spectra  50 

15.  Boundary-Layer  Noise  Spectra  50 

16.  Effect  Of  Mach  Number  On  Boundary-Layer  Noise  51 

17.  Effect  Of  Mach  Number  And  Dynamic  Pressure  On  Overall 

Boundary-Layer  Noise  52 


WADD  TR  61-75 


VI 


FIGURE  TITLE  PAGE 

-4& — Boundory-lgyer  Floctuotlon»  Abov«  A  Long^avlTy  53 

19.  (a)  Time  History  Of  Boundary-Layer  Fluctuations  For  A  Long 

Cavity  54 

(b)  Spatial  Correlation  Of  Boundary-Layer  Displacement 

Fluctuations  55 

20.  (a)  Effect  Of  Cavity  Depth  On  Boundary-Layer  Fluctuations, 

x  =  2"  56 

(b)  Effect  of  Cavity  Depth  On  Boundary-Layer  Fluctuations, 

x  =  5"  57 

21 .  Boundary-Layer  Fluctuations  Due  To  A  Short  Cavity  58 

22.  Boundary -Layer  Fluctuations  For  Cavity  Of  Intermediate  Length  59 

23.  Oil-Flow  Photographs  Of  Flow  Inside  Cavity  60 

24.  Effect  Of  Depth  On  Cavity  Static  Pressure  62 

25.  Effect  Of  Length  On  Cavity  Static  Pressure  63 

26.  Effect  Of  Mach  Number  On  Cavity  Static  Pressure  64 

27.  (a)  Typical  Frequency  Response  Of  A  Cavity  In  Supersonic  Flow  65 

(b)  Effect  Of  Dynamic  Pressure  "q"  On  Resonant  Response  67 

28  ,  Composite  Plot  Of  Resonant  Frequencies  At  A  Mach  Number  Of  2.0  68 

29.  Effect  Of  Cavity  Dimensions  On  Frequency  69 

30.  Composite  Variation  Of  1st  Mode  Frequency  With  Cavity  Length 

And  Mach  Number  70 

31 .  Effect  Of  Cavity  Length  and  Width  On  Buffet  Response  71 

32.  Effect  Of  Cavity  Depth  And  Width  On  Buffet  Response  72 

33.  Effect  Of  Mach  Number  On  Buffet  Response  73 

34.  Lengthwise  Distribution  Of  Buffet  Response  In  Long  Cavity  74 

35.  Streamwise  Distribution  Of  Sound  Pressure  In  A  Long  Cavity  75 

36.  (a)  Effect  Of  Cavity  Length  On  Sound  Pressure  Of  First  Three 

Modes  at  Mach  2.0  76 

(b)  Effect  Of  Cavity  Length  On  Sound  Pressure  Of  First  Two 

Modes  at  Mach  3.0  77 


WADD  TR  61-75 


r:  n»,jyw?STOBc:  vxs&wnme 


'»  •  TITLE  _  m 

-37.  Theoretical  Amplification  Of  A  Short  Cavity  84 

38.  Exploratory  Response  Spectra  Of  1/2"  Length  x  1"  Width  x  1"  Depth 

Cavity  In  Subsonic  Flow  85 

39. '  Comparison  of  Theoretical  And  Experimental  Response  Frequencies 

For  short  Cavity  88 

40.  Comparison  Of  Theoretical  And  Experimental  Response  Frequencies, 

1 .5"  Length  x  1 "  Width  x  1 "  Depth  Cavity  89 

41 .  Theoretical  Effect  Of  Cavity  Length  On  Frequency  Of  Depth  Modes  90 

42.  Comparison  Of  Theoretical  And  Experimental  Amplitude  Response  of 

1/2"  Length  x  1"  Width  x  1"  Depth  Cavity  91 

43.  Comparison  Of  Theoretical  And  Experimental  Response  Frequencies 

For  2"  Length  x  2"  Width  x  2.5"  Depth  Cavity  at  Supersonic  Mach 
Number  92 

44.  Comparison  of  Calculated  And  Measured  Response  Spectra  93 

45 .  Further  Comparison  of  Calculated  And  Measured  Response  Spectra  95 

46.  Comparison  of  Calculated  and  Measured  Response  Spectra  of 

8"  Length  x  2"  Width  x  3.5"  Depth  Cavity  96 

47.  Comparison  of  Calculated  and  Measured  Response  Spectra  of 

4"  Length  x  2"  Width  x  2.5"  Depth  Cavity  97 

48.  Radiation  Impedance  of  Cavity  for  Various  Aspect  Ratios  102 

49.  Solutions  to  Boundary  Condition  Function  187 

50.  Calculated  Response  of  Test  Resonator  118 


WADD  TR  61  -75 


LIST  OF  SYMBOLS 

fNLzX/c(R2+X2) 
simple  source  strength 
fNLzR/c(R2  +  X2) 
velocity  of  sound 
"Amplitude"  radius,  subsonic 
"Amplitude"  radius,  supersonic 
frequency,  cps 
natural  frequency  of  cavity 
total  force  on  piston 
defined  by  s„  =  tn  ♦  in)n 

VT 

wave  number,  j/c 

length  of  Helmholtz  resonator  neck 

cavity  length 

cavity  width 

cavity  depth 

Mach  number,  u^/c 

length  mode  number 

width  mode  number 

depth  mode  number  of  room  with  ail  walls  rigid 

depth  mode  number  of  cavity  (one  side  on  depth  axis  open) 

n,  n  ,  n 
x'  y 

root-mean -square  sound  pressure 
peak  sound  pressure 


WADD  TR  61-75 


■*  'I  \r  lit If * ■ 'U .jjStjgBsji* gggjjrtgt I 


uf 

u 

p 

V 

V 
X 


x,y,z 

*)y)z' 

T 


pressure  at  open  end  of  cavity  (peak) 

moderTocal  static  pressure 

sound  pressure  level,  db 

free-stream  dynamic  pressure  (psig) 

distance  from  source  to  field  point  for  stationary  medium 

radiation  resistance 

streamwise  correlation  coefficient 

area  of  piston 

time 

dummy  variable 

forward  velocity 

particle  velocity  (peak) 

dummy  variable 

cavity  volume 

radiation  reactance 

coordinates  of  source 

coordinates  of  field  point 

average  boundary-layer  thickness 

characteristic  radiation  impedance 

radiation  impedance  of  piston  (cavity) 

density  of  medium  (static) 

tan” 1  (1/  p ) 

wavelength 

cavity  normalizing  constant 
normalizing  number 
normalizing  number 
characteristic  acoustic  impedance 


WADD  TR  61-75 


x 


;  .33 w:  inr.'^r.T^iranrGc-r-iBn^ 


sin  (1/M) 

Angular  frequency 

Vl  -M2/  MC1.0 


1ST  -  1,  M>1 .0 
tan"^(y'/x') 

tan"V/u') 

normalized  frequency,  kL^ 
dummy  variable 

real  solution  of  boundary  function 
dummy  variable 

imaginary  solution  of  boundary  function 
tan"1^ 

characteristic  equation 
cylindrical  coordinates 


All  decibel  units  are  referenced  to  0  0002  dynes/cm^ 


WADD  TR  61-75 


I  -  INTRODUCTION 


The  problem  of  acoustic  response  of  a  cavity  or  recess  in  the  surface  of  an  air¬ 
borne  vehicle  is  one  which  has  assumed  new  dimensions  of  significance  with  the  advent 
of  supersonic  flight.  Experience  with  the  problem  to  date  has  indicated  that  the  severity 
of  response  depends  in  large  measure  on  the  airspeed,  or  perhaps  more  inclusively,  the 
dynamic  pressure  associated  with  the  flight  condition.  Thus,  serious  questions  arise  as  to 
expected  loads  inside  a  cavity  on  a  supersonic  vehicle. 

The  problem  is  not  simple;  the  investigations  conducted  to  date  have  established 
this  very  clearly.  The  mechanisms  involved  appear  in  many  respects  to  be  simply  the 
excitation  of  resonant  response  of  a  given  enclosure;  yet  there  are  facets  of  the  problem 
which  appear  to  deviate  markedly  from  such  a  phenomenon.  For  example,  the  Boeing 
Airplane  Company  (Ref.  1)  concluded  that  for  the  problem  as  it  was  encountered  on  the 
B-4 7  aircraft,  the  mechanism  was  best  defined  as  a  pseudo-resonant  phenomenon,  in  which 
the  normal  acoustic  modes  are  modified  in  frequency  by  the  presence  of  a  bound  vortex 
formation  within  the  cavity.  This  vortex  is  presumed  to  alter  the  wave-propagation  ve¬ 
locity  in  the  upstream  direction  as  compared  with  the  downstream  direction,  thus  in  effect 
changing  the  resonant  frequencies. 

Krishnamurty  (Ref.  2)  conducted  quite  an  extensive  study  of  the  problem  from 
the  viewpoint  of  the  radiation  of  sound  out  of  the  cavity.  He  concluded  that  the  phenom¬ 
enon  was  more  likely  to  be  associated  with  the  inherent  instability  of  the  separated  bound¬ 
ary  layer,  which  permits  amplification  of  disturbances  within  certain  limits  of  wavelength. 
This  hypothesis  leads  to  the  ultimate  question  as  to  why  the  cavity  response  is  not  merely 
the  amplification  of  a  band  of  frequencies  rather  than  the  observed  amplification  of  a 
single  frequency  within  this  band. 

The  approach  followed  in  the  present  investigation  is  based  on  the  hypothesis 
that  whatever  the  forcing  mechanism  may  be,  conditions  inside  the  cavity  must  ultimately 
follow  the  dictates  of  the  characteristic  acoustic  response  of  the  cavity.  Thus,  it  is  hypo¬ 
thesized  that  at  least  part  of  the  overall  solution  to  the  problem  lies  in  the  definition  of 
characteristic  acoustic  response  of  the  cavity.  Other  considerations  may  then  apply  to 
effect  the  general  solution,  but  a  firm  base  will  have  been  laid.  On  this  premise,  the 
theoretical  investigation  reported  herein  is  primarily  aimed  at  evaluation  of  the  response 
of  a  cavity  of  arbitrary  dimensions  placed  in  a  flow  of  arbitrary  velocity,  either  subsonic 
or  supersonic. 

Experimentally,  the  program  was  aimed  at  as  complete  as  possible  documentation 
of  the  phenomena  involved.  In  particular,  it  was  desired  to  investigate  a  sufficient 
range  of  dimensional  parameters  to  insure  that  results  were  of  broad  enough  scope  to 
avoid  conclusions  which  might  hold  over  only  a  limited  range  of  cavity  dimensions. 


Manuscript  released  by  the  authors  14  January  1961  for  publication  as  a  WADD  Technical 
Report. 
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II.  THEORY 


A.  GENERAL  CONSIDERATIONS 

The  objective  of  the  theoretical  treatment  discussed  herein  is  to  develop  expressions 
for  the  characteristic  resonant  response  of  a  cavity,  since  it  is  hypothesized  that  this  is 
the  predominant  phenomenon  Involved. 

As  shown  by  Morse  (Ref.  3),  the  response  of  an  enclosure  is  a  function  of: 

1 .  The  dimensions  of  the  enclosure 

2.  The  impedance  of  the  boundaries 

3.  The  location,  distribution,  and  strength  of  the  forcing  source  functions. 

Previous  work  given  in  the  classical  literature  provide  the  basis  for  the  work 
reported  herein.  It  is  hypothesized  that  the  phenomenon  of  sound  generation  in  a 
cavity  is  basically  that  of  an  enclosure  responding  in  its  normal  acoustic  modes. 

On  this  premise,  the  problem  evolves  into  one  of  deriving  the  characteristic 
response  function  of  a  cavity  from  which  its  natural  modes  become  evident.  The  model 
selected  for  the  mathematics  is  a  rectangular  cavity  of  arbitrary  dimensions,  having 
five  walls  terminated  in  an  infinite  impedance  and  the  sixth  terminated  in  the  radiation 
impedance  of  the  cavity  opening. 

Toward  this  end,  the  major  concern  becomes  that  of  deriving  the  radiation  impe¬ 
dance  of  the  rectangular  cavity.  A  literature  search  reveals  that  Swenson  and  Johnson 
(Ref.  4)  have  indicated  the  form  of  such  a  derivation  but  do  not  give  the  derivation 
itself.  Stenzel  (Ref.  5)  presents  a  study  of  this  impedance  for  the  static  case.  Although 
both  of  these  reported  results  are  of  considerable  help,  it  still  remains  to  document  more 
completely  the  impedance  for  the  static  case  and  to  extend  the  results  to  include  the 
effects  of  radiation  into  a  medium  which  may  be  moving  with  either  subsonic  or  super¬ 
sonic  velocity. 

When  considering  the  case  of  a  moving  medium,  the  fact  that  speed  of  the  wave 
front  is  altered  by  motion  of  the  medium  must  be  taken  into  account.  The  upstream 
propagation  velocity  of  a  source  disturbance  is  the  speed  of  sound  less  the  boundary- 
layer  velocity.  Therefore,  at  supersonic  velocity  tnere  is  no  upstream  propagation, 
except  that  which  occurs  in  the  subsonic  region  of  the  boundary  layer.  Garrick 
(Ref.  6)  has  shown  the  effect  of  a  moving  medium  on  radiation  patterns  and  field 
strength  of  an  acoustic  source;  and  Garrick  and  Watkins  (Ref.  7)  have  included  the 
effect  of  forward  velocity  on  the  sound  generation  of  a  propeller.  The  retarded 
potential  theory  of  the  above  references  has  been  applied  to  the  present  Impedance 
derivation,  which  considers  the  total  effect  of  an  assemblage  of  in-phase  simple 
sources  evenly  distributed  on  the  outer  surface  of  a  weightless  piston  of  air  in  the 
mouth  of  the  cavity. 

Finally,  the  response  of  a  simple  cavity,  as  treated  by  Morse  (Ref.  3)  is  discussed. 
This  theory  is  appropriate  for  use  if  the  depth  is  not  very  much  less  than  the  streamwise 
length  of  the  cavity. 


WADD  TR  61-75 


2 


B.  RADIATION  IMPEDANCE 


1.  STATIONARY  MEDIUM 

The  radiaMon  impedance  of  the  cavity  in  a  stationary  medium  is  assumed  to  be  that 
of  a  rectangular  piston  set  in  a  flat  wall,  very  large  with  respect  to  the  dimensions  of 
the  piston.  The  piston  is  assumed  to  be  vibrating  with  velocity  a_aiwt  and  radiating 
into  the  space  on  one  side  of  the  wall  only.  ' 

The  radiation  impedance,  Zf,  is 


Z 


r 


F/u  e 
P 


iu>t 


(  1) 


where  F  is  the  total  force  exerted  on  the  piston.  The  force,  F,  is  equal  to  the  integral 
of  pressure,  p  (x1,  y'),  over  the  area  of  the  piston  S,  that  is 


(2) 


The  differential  pressure  at  (x1,  y')  on  the  piston  due  to  radiation  from  a  simple  source 
at  (x,  y)  is  (Ref.  1), 


dp(x,y  )  *  iuxju  e 
P  P 


eiltr 


dx  dy 


where 


(3) 


r  -  V l*'-  x)2  ♦  (y'~  y)2 

The  total  pressure  at  (x1,  y')  assuming  equal  radiation  intensity  from  all  sources  on  the 
piston  is; 


iuwu  0iult  rr  -ikr 

2n  JJ  ^~T 


dx  dy 


Using  Eqs.  (  1  ),  (  2  ),  and  (  4  ),  the  radiation  impedance  can  be  written  as 


(4) 


2r'^//J//S^d,4‘J<'  ay'  (  f) 

Since  Eq.  (5)  has  r  in  the  denominator,  it  is  seen  that  a  singularity  will  exist  when 
x  =  x'  and  y  =  y',  and  Eq.  (4)  will  yield  infinite  pressure.  In  order  to  circumvent 
this  difficulty  it  is  expedient  to  subdivide  the  piston  into  four  areas  whose  common  point 
is  the  locus  of  the  singularity.  The  integration  can  then  be  curried  out  in  four  steps  as 
shown  on  the  following  page. 
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0,L 


FIGURE  la. 

FIELD  POINT  CONNOTATION 


o,a 


II 

III 

1 

< 

Lx,0 


From  examination  of  Fig.  la,  it  can  be  seen  that  Eq,  (  5  )  can  be  expressed  as  the  sum 
of  the  integrals  over  the  four  indicated  areas. 


low fy  /  f' 5ikr  hr  -i'a> 

r~JJ  //--<*  <*♦/,/ 

o  o  Lo  o  y  "o 


(6) 


h  fa  eikr  /  fx  -ikr  1  , 

*  J,  J,  ~f~~dxdy*J  I  ~ — dx  ily  dx  dy 

y  x  ox* 


The  four  integrals  obtained  by  integrating  Eq.  (  6  )  with  respect  to  x'  and  y'  over 
the  indicated  limits  are  equal,  since  the  inner  limits  are  the  variables  for  the  (x1,  y1) 
integration  and  will  vary  over  all  the  cavity  area;  therefore. 


I  t 

dx  dy  dx  dy 


(7) 


Making  the  following  change  of  variables  for  ease  of  integration, 

•  I 

x-x-5  y  -  y  -  r) 
there  results, 

_  12 aw  frfrf  .  . 

zr  -  —  J  J  J  J  V"  d*  dT1  ^  dy 


(8) 


o  o  o  a 


(9) 


where 


V^7 
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By  changing  order  of  integration,  the  radiation  impedance  can  be  expressed  as  follows: 

(  10) 


hrhhh  A  ,  , 


dx  dy  d?  dr) 


O,  O  T| 

or,  upon  integration  with  respect  to  x1  and  y1 


L  t  w\  / ,  \  rikt'^+rr 

r/r*  (^-  5)(lv-  n)  e  ' 


o  o 


VkW 


d£  dr) 


(11) 


It  is  of  interest  to  note  that  Eq.  (  11  )  can  be  written  in  generalized  form.  The 
normalizing  factors  used  are: 


*-A  ■ « 


V  ■ T  A  - 


A  -  u 


(  12) 


Thus  in  generalized  form,  Eq.  (11  )  becomes 


,  r a -  sm 

r  n 


/  /A5>tS 


-iy#7 


du  dv 


(  13) 


o  o 


It  is  now  necessary  to  change  from  rectangular  to  cylindrical  coordinates  in  order  to 
perform  the  indicated  integration.  From  Fig,  lb,  for  the  lower  triangle,. 


FIGURE  lb. 

COORDINATE  SYSTEM  USED 
FOR  TRANSFORMATION  TO 
CYLINDRICAL  COORDINATES 
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y  cos  6  ■  u,  r  sin  9  ■  y 

and  for  the  upper  triangle, 

r  sin  9  ■  u  r  cos  0  ■  v 

From  the  Jacobian  Transformation, 


(14) 

(  15  ) 


du  dv  *  r  dr  d9 


Therefore,  the  impedance  equation  in  cylindrical  coordinates  is, 


•iwt-l  tan  £  sec  0 

iZw^£  r  r 

•  - -  J  J  (1  -  r  cos  0)(£  -  r  sin  0)eT  dr  d0 

L2<x,LJ  ^0t"^  £  sec  9 

— £.  J  f (1  -  r  sin  0) (£  -  r  cos  0) 


eiYr  dr  d9 


Integrating  Eq .  (  1/  )  with  respect  to  r  ,  the  expression  for  radiation  impedance  in 
terms  of  an  integral  with  respect  to  the  variable  9  becomes 


i2awLJ 


*/• 


tan"\ 

Ceos  9  9  d9 . 4 


■7  S' 


cot'1* 


'cos  e  e'ltY  sec  9  d0 


-  4  ( .-^Vi  *  s2.  jir.  jiUT.  1 .  Sjjjd  _  iT(i .  t 


(18) 


For  convenience  of  calculation,  it  is  necessary  to  express  Eq.  (  18  )  in  terms  of 
its  real.and  imaginary  components.  Also,  it  is  desirable  to  express  the  impedance 
as  a  unit,  or  characteristic  impedance,  therefore  Eq.  (  18  )  is  divided  by  the  piston 
area  (Lx  Ly).  The  characteristic  radiation  impedance  z^,  is  therefore, 


*r  ■  ca(H  «•  iX) 


with  R  the  radiation  resistance  and  X  the  radiation  reactance. 
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- — tan"^ - - cat  ^  - — 

r  -tL.  J cos  9  atn(r  see  9)  d9  ♦  ^  J’coaa  9  t»ij»(£y  see  9)  d9 
L  O  o 

m 

♦  |  cos  (r^  ♦  ?)  -  cos  Y  -  COS  £y  *  1  - 


r  tan"\ 

I  cos  9 


X  -  -  “  |  J  cos  9  cos(y  sec  9)  d9  +  ^cos9  cos(fcY  see  9)  d0 


eot"^ 


-  -pM  sinlrVTT?)-  sin  y  -  sin  £y  *  y(1  ♦  J 


The  above  equations  for  R  and  X  could  be  written  in  terms  of  a  series  as  was 
done  in  Ref.  2,  but  in  the  present  case  this  would  not  result  in  any  simplicity  of 
calculation,  since  a  digital  computet  was  used  in  obtaining  numerical  results. 

2.  MOVING  MEDIUM 

In  the  preceding  section,  the  radiation  impedance  for  a  cavity  in  a  stationary 
medium  has  been  derived.  It  is  now  necessary  to  include  the  effects  of  a  moving 
medium  in  the  theory.  Garrick  (Ref.  6)  shows  how  retarded  potential  theory  can  be 
used  for  including  the  effects  of  a  moving  medium. 

a.  Subsonic  Velocities 

For  the  case  of  a  simple  source  in  a  moving  medium  of  uniform  subsonic  velocity 
Uf  (u ^  <  c),  the  wave  equation  for  small  pressure  disturbances  is 


V\  •  *  ur  &r]\ 


The  solution  of  Eq .  (  22  )  for  the  differential  pressure  at  a  field  point  (x1,  y')  from 
a  simple  source  at  (x,  y)  is  as  follows: 


dp  -  iaxTU 


eiwt  -(ilc/p2)  [-M(x'  -  x)  +  d] 


dx  dy 


where 


p2  ■  1  -  M2 


D  -VU'  -  x)2,  p2(y " -  y) 
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WVp8)  [■*(*'-  x)  ♦  d] 


I  I 

dx  dy  dx  dy 


Upon  seporating  the  above  equation  for  Z  into  four  equal  integrals  as  was 
done  in  Eq.  (  6  ),  the  radiation  impedance  ha/  the  following  form: 


i  • 

L  X,  y  x  r  ,  i  9 

Zr  ‘  i22 J  JXJ  J  "X)J/P 

,a-Hc[p  -  M(x'  -  x)]/^  ^  V  <>6> 

It  is  now  convenient  to  make  the  following  changes  of  variables  of  integration, 

x'-  x  -  k  t>(y  -  y)  -  n  (27) 

After  substitution  of  the  changes  of  variables,  and  an  inter-change  of  the  order 
of  integration,  the  radiation  impedance,  after  integration  with  respect  to  dx',  dy1, 
can  be  written  in  the  following  integral  form: 


Since  a  generalized  solution  for  any  Mach  number,  cavity  length,  and  cavity 
width  is  desired,  it  is  convenient  at  this  point  in  the  derivation  to  make  the 
normalizing  substitutions  of  Eq.  (12)  again.  The  generalized  equation  for 
impedance  then  can  be  written  in  the  following  double  integral  form: 
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Irroreter  to  reduce  Eq ■  (29)  to -single  Integrallorm,  It  is  necessary,  to  make 
the  transformation  to  cylindrical  coordinates,  as  indicated  in  Eqs.  (14),  05)< 
and  (16).  The  normalized  Impedance  equation  in  cylindrical  coordinates  is  then: 

,3  tan"1^  sect*  -iv(I+  Mcos©)D/g2  ' 

Z  •  iaX,Lx  f  f[(l-  Ucos9)(p&-  Dsin©)e 

"P2  o  i  ,  ,  21 

♦  (1-  Dcos©)(p*,-  Dsin©)e"iY^1_  Mcos9  D  P  JdD  d© 


.  „,3  cofc'1^  ^sec©  -iy(l+  Msin@)U/p2 

+  1  Lx  f  ft(l-  Dsin©)(|^-  Ucos©)e  u 

"P2  1  l 


*  n_  l]filn(4'WP>-  DC0S«) 


-iy(  l-rlsin© )  D/p2] 


Upon  integrating  Eq.  (30)  with  respect  to  D,  and  separating  into  its  real  and 
imaginary  components  in  the  form  of  Eq.  (19),  the  characteristic  radiation 
resistance  for  the  subsonic  flow  case  is: 


o 
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As  a  matter  of  interest,  the  above  equations  for  R  and  X  are  equal  to  Eqs 
(20)  and  (21)  if  zero  Mach  number  is  substituted. 
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I  w  ounimvii  ^  - — - 

developed  In  terms  of  three  parameters;  (1),  the  ratio  of  cavity  width  to  length, 
(2)  the  normalized  frequency  parameter,  kL^,  and  (3)  Mach  number.  Calcula¬ 
tions  for  R  and  X  were  performed  on  a  digital  computer  using  numerical  inte¬ 
gration  routines. 


b.  Supersonic  Velocities 

The  assumptions  made  in  deriving  the  radiation  impedance  for  a  cavity  in  a 
supersonic  flow  are  the  same  as  those  for  subsonic  flow  except  as  follows: 

(1)  The  effect  of  a  source  at  (x,  y)  is  felt  only  at  points  (x1,  y')  within  the 
Mach  cone  with  origin  at  (x,  y).  The  enclosed  half-angle,  y  ,  of  this 
cone  is  sin"l  1/M.  Outside  the  conical  region  the  effect  of  the  source 
at  (x,  y)  is  zero. 


(2)  The  pressure  at  field  point  (x1,  y‘)  has  a  double  solution,  instead  of  the 
single  solution  for  the  subsonic  case.  The  field  point,  (x',  y')  at  a 
particular  instant  of  time,  t  ,  is  influenced  by  two  wave  fronts  which 
originated  at  time  t^  and  >2  earlier.  A  wave  generated  at  (x,  y)  at  t^ 

radiates  spherically  with  velocity  of  sound  c  and  is  carried  down¬ 
stream  with  supersonic  velocity  Up  The  spherical  wave  is  therefore 
traveling  downstream  at  a  velocity  greater  than  the  speed  of  sound,  so 
that  the  field  point  (x1,  y1)  will  both  enter  and  leave  a  particular  wave, 
which  is  not  possible  in  the  subsonic  case.  Therefore  at  time  t,  the 
field  point  will  be  erneiyiitg  from  a  wave  generated  at  time  t^  and 

penetrating  a  wave  front  generated  at  time  t2  (f>  »2>  t^). 

The  equation  for  differential  pressure  at  x‘,  y‘  with  source  at  x,  y  is 


iaxn.  eW  x)  -  D5]/p2s  ik  th(x'-  x)  ♦  D  ] /02\ 

d$  "  2n  - - - 1  “  ^ 

where 

ua  ■  -/(x-  X)2  -  y)2  | i2  -  n2-  1 

The  next  step  in  deriving  the  radiation  impedance  is  to  determine  the  limits 

of  integration.  It  is  seen  from  Fig.  2a  that  if  sin  y-  1/M,  then  tan  <j)  =  \/M^~]=  p 
The  pressure  at  (x1,  v')  is  the  sum  of  differential  pressures  received  from  sources 
bounded  by  the  Mach  cone  opening  in  the  negative  x  direction  with  origin  at 
(x1,  y1)  and  the  upstream  boundarys  of  the  cavity.  By  examination  of  Fig.  2a 
and  Fig.  2b  it  is  seen  that  the  integral  equation  for  pressure  at  a  point  (x1,  y') 
in  region  I,  from  sources  in  the  shaded  area,  will  have  different  limits  than  the 
integration  for  pressure  at  (x1,  y')  in  region  II.  The  dotted  line  in  Figs.  2a  and 
2b  separate  region  I  and  II.  The  angle  A  between  the  line  separating  the  two 
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FIGURE  2b. 

ILLUSTRATING  PRESSURE 
POINT  (x',y')  IN  REGION  II 


0  * 


regions  and  the  x  axis  is  defined  by 


and  the  angle  6  ,  separating  the  radial  vector  From  0  to  (x1,  y')  and  the  x  axis 
is  defined  by 


6  -  tan_1(y'/*1) 


Therefore  if  6  <  A  ,  the  point  (x1,  y')  is  in  region  I  and  if  6  >  A,  (x1,  y')  is 
in  region  II . 

The  pressure  at  (x',  y')  for  (x',  y')  in  region  I,  using  Fig.  3a,  is  as 
follows.  The  limits  for  the  x  integration,  holding  y  constant,  will  be  from 
0  to  the  intersection  point  of  the  Mach  cone  along  the  x  axis  which  is 


I  |  ,  , 

x  -  (y  -  y)t an  $  ■  x  -  (y  .  y)p 
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y  limits  for  the  shaded  area  colled  region  A  ore  from  0  to  y'.  Therefore  the 
pressure  at  (x\  y')  Is 


The  x  Units  of  integration  in  region  II  from  inspection  of  Fig.  3b  are  as 
in  the  previous  integration  0  to  x'  -  (y'-y)Ps*  In  setting  Up  the  y  limits  it  is 
necessary  to  find  the  point  of  Intersection  with  the  y  axis  of  the  lower  part  of 
the  Macn  cone.  This  point  is  y*  -  x'/tan  <J)  =  y'-x'/ ps*  Then  the  y  limits  are 
y‘  "  x'/Psto  y'.  Therefore  the  pressure  contributed  to  (x1,  y')  from  the  shaded 
region  of  Fig.  3b  is 


tfv') 


(/'-  y)pg 


FIGURE  3a. 

ILLUSTRATING  LIMITS  OF 
INTEGRATION  FOR  THE 
SUPERSONIC  PRESSURE 
EQUATION 


FIGURE  3b. 

ILLUSTRATING  LIMITS  OF 
INTEGRATION  FOR  THE 
SUPERSONIC  PRESSURE 
EQUATION 


Lx,  Ly 


Lx,0 
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.  As  tn  fKe  precedti^  tinpoddnca  derivations,  once  Hie  pressure  at  point  (x'V  y1) 


consideration  there  are  some  problems.  Regions  I  and  II  defined  in  the  derivation  of 
pressure  each  may  have  two  different  geometric,  shapes  as  seen  in  Figs.  4a  and  4b.  In 
Fig.  4a  A>  tan-1  fl-yAx)  or  l/fc8>  (LyAx)  and  In  Fig.  4b.  A  <  ton-I^L  )  or 

<  LA- 


FIGURE  4a. 

SHOWING  LIMITS  OF 
INTEGRATION  FOR  THE 
SUPERSONIC  FORCE  INTEGRAL 


FIGURE  4b. 

SHOWING  LIMITS  OF 
INTEGRATION  FOR  THE 
SUPERSONIC  FORCE  INTEGRAL 


First,  the  force  on  area  L  L  will  be  derived  for  Aa£  tan"1  (L  A.  ).  In 

x  y  y  x 

region  I,  the  x1  limits  of  integration  are  from  a  to  where  a  =  y'/tan  A  =y'j38  and 
the  y'  limits  are  0  to  L^.  For  region  II  the  x'  limits  of  integration  are  0  to 
a  =  y'p^and  the  y1  limits  are  0  to  Ly.  Using  these  limits,  the  force  integral  is 

/» y  c  L  y  p 

F  "  j[  ^Pp^SioM  I)  dx'dy'  ♦  J~ y pp(regio*  II)  dx'dy' 


0  0 


or,  noting  that  the  force  from  region  B  is  equal  to  the  force  from  region  A 
when  integrating  pressure  over  the  total  area  LXL  ,  with  respect  to  ax' , dy* , 


the  force  is 


WADD  TR  61-75 


(35) 


F  ■  2 


r  >  .  i 

£  *  ,  , 
(dj^)  dx  dy  dx  dy 


(y'-  y)p8 

(d(^  dx  dy  dx'dy* 

Ford  g  tan“*(  Lx/Ly>or  (psLyAx)  3  ^  the  order  of  integration  for  force  is 

reversed  to  dy'  dx'.  For  region  I,  from  Figure  4b,  the  y  limits  are  0  to  x' 
tan  d  =  x'/ps ,  and  x1  limits  are  0  to  L*.  In  region  II,  y'  limits  are  x'/ps to  Ly 
and  x'  limits  are  0  to  Lx  .  Using  these  limits  the  force  is 


n 


pp(region  I)  dy  dx  + 


L  L 

-x  /-y 


n 


VP8 


Pp( region  II)  dy'dx' 


or  substituting  in  the  expressions  for 


F 


I 

X  • 


(y‘-  y)p* 

,  .  °  II 

(dD)  dx  dy  dy  dx 


,  (36) 

(y  -  y)p_ 

s  i  i 

(d^)  dx  dy  dy  dx 


Now  that  the  limits  of  integration  have  been  established  the  radiation 
impedance  Zr  can  be  set  up  and  solved. 

The  first  case  to  be  integrated  is  for  p  L  A  —  1 .  Substituting  Eqs. 

(  34  )  in  Eq.  (  35  )  the  radiation  impedane!  ^eqtfation  is 


hr  isx  i  (y'-y)p. 


7  \m  c*  f*  r  r  a,  i  »  ,  , 

zr  ‘T  J  J,  J  J  FU,y,x,y  )  dx  dy  dx  dy 


o  yfs  o  o 


'*i!  J,  ,  / 

00  y  -  */pB  0 


(y'-  y)ps 

I  T  If 

F(x,y,x,y  )  dx  dy  dx  dy 


(37) 
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I  ,  f  Ur-M(x'-x)  -  D  W  tkf-M(x'- x)  ♦  D«1/p!1 

P(x»y»*iy  )  -  (1/Ds)|e  L  "  8  ♦  •  L  al 

By  changing  variables,  the  function  E  (x,  y,  x',  y')  can  be  made  dependent  upon 
two  variables  instead  of  four  as  stated  above.  The  following  indicated  changes 
are  therefore  made: 

x'-  x  -  s  P-(y'-  y)  ■  n 


,n)  ■  OfiX**  '  DS>/P'  *  '  D,>/'“] 


where 


d 

and  changing  limits  in  Eq.  (  37  ),  the  resulting  equation  for  Zf  is 


r  "P. 


K  l  P8y'  x' 

f  f  f  f F<M>  ds  dTi  dxV 


i»  A  F  }  r' 
npj  J  J  J  J  F(C»n)  d£  dn  dx  dy 


0  T8y 


0  0  o  r| 


Upon  interchanging  the  order  of  integration,  the  above  equation  for  Z{  is 


iwo  f*Uy  rx  h1*  h  '  ' 


dy  d$  dr) 
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After  tnTegraftcm  wffh  respect  to  x'  and  y\  Eq.  (  40 )  reduces  to 


hx 

■71  l  (y  0(p8y  n)  FU,n)  dC  dr> 


(41  ) 


The  next  step  In  solving  for  supersonic  impedance  Is  to  use  the  normalizing 
factors  of  Eq.  (  12  ),  requiring  the  following  form: 


-  n 


(1  -  u)(p x  -  V)  F(u,v)  du  dv 

o 


(42) 


where 


f(a„>  -  lvf7T7L'iTl""  * 

In  order  to  simplify  the  above  equation,  another  change  of  variables  must  be 

12? 

incorporated.  Let  D  =  “Vu-v  and  sin  0  =  v/u.  Using  Jacobian  transformations, 


du  dv  *  D  sec  8  dD  dfl 

S  8 


(43) 


Solving  the  above  relationships  for  u  and  v  it  is  seen  that 


u  ■  Dg  sec  0  v  ■  D8  tan  0  (  4 

From  Fig.  5,  the  area  of  integration  is  bounded  by  (0,  l,ps£,  A).  For  simplicity 
the  angle  6g  is  used  in  setting  limits.  The  integration  is  to  be  divided  into  two 
triangles,  one  bounded  by  (0,  1,ps£)  and  the  other  bounded  by  (0,pg£,  A).  In 
the  lower  triangle  the  limits  on  6S  are  from  0  to  tan“l(i3_t  ).  The  variable 

r 2  j  s 

Ds  =  vu  -  v  can  be  visualized  by  rotating  the  vector  u'  about  the  point 

(u 0)  until  it  intersects  a  line  parallel  to  the  u-axis  that  also  intersects  the 
point  (u1,  v1).  The  variable  D5  is  the  distance  between  (u1,  v')  and  the  inter¬ 
section  of  the  vector  u1  with  the  parallel.  The  relationship  between  9  and  6S 
is  sin  9  =  (v'/u')  =  tan  (  6  ).  When  a  point  (u  =  1,  v)  is  considered  tan6g  = 

v  =  sin  9.  With  the  relationship  Ds  =  Vu^-  v^  the  upper  limit  for  Ds  is 

V 1  -sin^Q  =  cos  9  and  the  lower  limit  is  0.  The  upper  limit  for  9  is  0  = 

sin"^(v/u)  =  sin"^(Pa^  )• 
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FIGURE  5. 

ILLUSTRATING  CHANGE  FROM 
RECTANGULAR  TO  CYLINDRICAL 
COORDINATES  FOR  SUPERSONIC 
IMPEDANCE  INTEGRAL 


§0,v) 


For  the  upper  triangle,  6fl  varies  from  tan_1(  PA  )  to  n  74,  When  the  point 
(u,  v  =  )  Is  considered  tan  and  Ds  =  *^(  PB^  rcot^  Bb-(  p  £  )2  -• 

PB^cot0.  Using  these  limits,  the  equation  for  Impedance  is 


Z 


r 


8in*’1P.t  cos  e 
/  >.< 


U8tan  a)(l 


D#Boe  9)  F(D#,0)  dDs  d9 


+ 


t  cot  e 

”  Dstan  Q^1  ’  d«bbc  0)  F(D  ,0)  dD  de 
°  s  s 


(45) 


where 

iy(M  SBC  0  ♦  1)D  /p2  -1y(M  sec  0  -  1)D  /p2 

8  8  ♦  A  8  r8 


Integrating  Eq.  (  45  )  with  respect  to  Ds  and  separating  the  real  and  imaginary 
parts  as  was  done  in  Eqs.  (  32  )  and  (  33  ),  for  the  subsonic  medium,  the  equation 
for  normalized  radiation  resistance,  R  ,  becomes 


F0>a»8)  ■  (sec  9)U 
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r  f 

■iin_1patVM  " 


gin  8  Patcot  8  cac  9 

cos  6)2  (M  -  cos 


(46) 


- aln  JVy^Mcso  ©  -  cot  0)/psjd9 


+  cos[y(M  +  l)/p2]  _  c°b[yU  -  1)/P;Q  +  I4H  _  nj 
+  r(M  ♦  1)^  y(m  -  l)2  7  pf] 


and  the  normalized  radiation  reactance  is 


< 


n^Y 


?s*- 


I1"  I's*  /cos[y(M  ♦  cos9)/p2]  cos[y(M  -  cos0)/p2j\ 
J  \  (M  +  cos  9)2  (M  -  cos  0)2  / 


cos9  d0 


/  .  _  p  Y  cot9  csc©\  _  ,  .  ,  . 

I — £-&— — -  f  B  )cos[fc;Y(H  esc©  +  cot©) /pi  d0  (47) 

oiJ1-lp  K  \(h  +  cos  9)2  (M  ♦  cos  9)  /  L  J 


n/2  1 

r  J  sin  0 

p  £  cote  csc©\ 

sin_1ps^  VM  '  008 

J  -  1  cy b 

0)  (M  -  cos  0)  / 

p2  sin[Y(M  +  D/p!] 

p2  sin[Y(M  -  l)/p2l 

y(m  ♦  l)5 

♦  - - -  - 

r(M  -  l)2 

cos^y(M  esc©  -  cot9)/pgj 


d9 


-7  — 7 

r,  K 
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pr,  i  ,  , 

J  J  F(x,y,x,y  )  dx  dy  dx  dy 


(y'-  y)^8| 

F(x»y»x>y  )  dx  dy  dx  dy 


where  F  (  x,  y,  x',  y')  is  defined  in  Eq.  (  37  ). 

Using  the  substitutions  and  changes  of  variables  of  Eqs.  (  38  )  -  (  45  ),  the 
equation  for  the  radiation  resistance  is: 


_£l  n  w  tn  Bin  .Y^M  *  C0B  ®)/P8]  ein[r(M  -  ooe  t)/p^ 
"*r  /*  t  <w  ♦  cos  e)z  (M  -  coe  e)z  / 


coed  d9 


.  >1  _  n2  wfvoi  •  D/»H  M  jtj.1 

T<K  ♦  1  )z  t(M  -  X)2  *  T?  ”  jtj 


With  the  formulation  for  reactance  as  seen  below, 


["  f/2( a08[f(tl  ♦  COB  9)/P8]  COb[y(M  -  COB 

ni>r  L  S  0  \  *  C0B  «)Z  (M  -  COB  «)2  / 

pg  .in  [r(M  ♦  l)/p|]  .tofWH  ■  2  ^1 

r(M  ♦  i)z  r(M  -  Dz  $1  pjj 


cob®  d@ 


It  is  of  particular  interest  to  note  that  Eqs,  (  49  )  and  (  50  )  are  equal  to 
Eqs.  ( 46 )  and  (  47  )  if  the  sin-1  p84  -n/2.  In  other  words,  for  p8£  greater 
than  1  the  sln“l  {ts£ls  always  equal  to  90°  .  This  fact  is  helpful  when  the 
impedance  is  to  be  calculated  using  a  digital  computer. 
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C.  PRESSURE  RESPONSE 


Experimentally/  the  results  Indicate  (as  will  be  shown)  that  for  short  cavities/ 
or  perhaps  more  Inclusively  for  cavities  of  length-to-depth  ratio  of  the  order  of  or 
less  than  one,  the  response  is  almost  exclusively  in  the  depth  modes.  On  the  other 
hand,  the  longer  cavities  -  where  length  >1.0-  show  definite  experimental  evl- 

” depth 

dence  of  response  in  the  length  modes. 

Mathematically,  it  is  desirable  to  effect  a  general  solution  which  accounts 
for  response  in  any  mode,  whether  it  be  length,  depth,  or  transverse.  At  the  same 
time,  it  is  recognized  that  a  theoretical  simplification  can  be  realized  if  the 
assumption  of  a  depth-mode  predominance  is  justifiable.  Thus  the  following  is  con¬ 
cerned  with  both  developments,  first  the  general  case  and  then  the  simplified  case. 

1.  GENERAL  SOLUTION 

To  effect  the  general  solution,  it  is  hypothesized  that  the  problem  comprises  one 
of  determining  the  characteristic  response  of  a  rectangular  enclosure.  The  enclosure 
is  assumed  to  be  bounded  on  five  sides  by  walls  of  infinite  impedance  (i.e.,  rigid 
walls)  and  on  the  sixth  by  a  finite  complex  impedance  which  is  the  radiation  impe¬ 
dance  determined  in  the  preceding  section. 

As  shown  by  Morse  (Ref.  3),  the  characteristic  response  function  of  the 
enclosure  is 


where  Lz  is  the  depth  of  the  cavity 
Ly  is  the  width  of  the  cavity 
Lx  is  the  length  of  the  cavity 

ny,  nx  are  integers  denoting  the  modes  in  the  y  and  x  directions. 

The  parameter  gn  appears  in  lieu  of  nz  because  of  the  finite  impedance 
terminating  the  cavity  at  z=  Lz  .  it  is  defined  by  the  following  equation. 

gn  '  i[nL{(RL+  U)] 


The  solution  of  Eq.  (  52  )  is  complex,  such  that 


V  1 


(53) 
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.mwcBO 


The  roots  TJn  are  calculated  from  Eq.  ( 52  )  using  Iterative  methods.  Upon 
separating  Eq.  (52  )  into  real  and  imaginary  components  the  following  equations  are 
obtained. 


cotfnr^)  • 


cosh(fl€n)  - 

YkR/nL  (R2+  X2) 

sinh(»U;n) 

Kn  olah(nen)  - 

Vy/nl^CR^  XZj 

coeh(n£n) 

K „cosh(n£  )  -  frkX/nL  (R2t  X2) 

oofc(nn  )  -  -  -2 - 2 - k_8 - JL_ - -l 

*  i^einh(*S  )  -  [YL  X/nL  (R%  X* 


Binh(n$n) 


(53a) 


oosh(n£  ) 
n 


From  the  above  equations,  an  expression  for  In  terms  of  can  be 
obtained  and  Is 


yL  R  coth(2nE  ) 

\  "  r 73TJT 


/  yLI R  ooth(2«?n)' 

2  2YL*X5neoth(2B?n) 

.  .2 

v  L  nyR2+  *Z) 

nl^R2*  X2) 

_  (RZ+  X2)  " 

(53b) 


Using  the  first  of  Eq.  (53a)  the  following  form  Is  also  derived. 
F+  -  cos(nqn)  j^5nslnh(n5n)  -  (r^X/nl^CR2*  X2)|  coeh(n5n)] 

-  einCnr^)  J^coBt^n^)  -  (y^R/aL^R2*  X2])  ei4ah(n£n)j 


(53c) 


in  order  to  numerically  obtain  a  root  from  Eqs.  (53b)  and  (53c),  a  value  of  £n 
is  chosen  and  substituted  into  the  equation  for  rv  This  gives  two  values  for  r)n 
which  are  used  in  Eq-.  (53c)  to  solve  for  values  ofr+  and  F-,  F+  denoting  the 
results  using  the  positive  radical  and  F-  using  the  negative  radical .  When  a  pair 
of  values  ’In  9've  a  zero  vai u®  of  F±  a  solution  is  obtained. 

The  characteristic  frequency  equation,  in  terms  of  gn,  is  (Ref.  3) 
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JtiuLMJiiUiikh  MB  MllllhttllMMiiBHIMHt.te.iW*1* 


(54) 


Wjj  ■  (no) 


Is' '•  (S'-  (Si 


which  yields  the  resonant  frequencies  of  the  cavity  bv  iteration.  The  iterative 
process  is  necessary  because  of  the  frequency-dependent  nature  of  gn . 

The  magnitude  of  the  response  is  determined  on  the  premise  that  the  cavity 
is  forced  by  a  simple  source  positioned  randomly  over  the  cavity  opening.  The 
equation  for  pressure  at  a  point  (x,  y,  z,)  can  then  be  written,  after  Morse 
(Ref.  3),  as 


p(x,y,z)  - 
p  V 


tnUrirU') 


where 


S  ‘  *  2ng„] 


o,  en  “  2j  n  >  0, 


(56) 


"y  "  °<  eny  '  21  ‘V  *  °*  *  1 

It  is  convenient  to  normalize  Eq.  (  56  )  for  more  general  results.  Thus,  let 


f  -  yc/2nL 


(57) 


after  which,  leaving  out  the  time  variations,  Eq.  (  56  )  can  be  written  in  the 
normalized  form 


'  gjn(x,y,z)$n{x',y',z') 

6n  ~n  fsiah(2ng  )  7  2ngn 

.  x  yl  . 


y  * 


r-  <gA>1 


where  A  (x‘,  y',  z')  is  the  strength  of  the  simple  source. 
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2.  SIMPLIFIED  SOLUTION 

If  the  response  of  the  cavity  is  entirely  that  which  arises  from  excitation  of 
depth  modes,  as  the  experimental  results  seem  to  verify  for  length-to-depth  ratios 
of  less  than  approximately  one,  it  is  more  convenient  to  write  the  cavity  pressure  as 


ipocoe  (2n/X),(La-?j 
^sinh^nLj/X) 


(59) 


where  £  is  the  specific  acoustic  impedance  of  the  cavity  at  the  open  end,  and 


i.c  -  R  +  -  cot(2nL2/X)j 


(60) 


Again  expressing  the  amplitude  response  in  terms  of  an  amplification, 
there  results  the  final  equation 

£/p0  -  [[r  ■i»(vyy]8*  [x  smwyig  -  °°»<tyy]2]T 


(61) 
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III  -  EXPERIMENTAL  TECHNIQUES 
A.  TEST  ARTICLES 

1.  EXPLORATORY 

Exploratory  tests  were  performed  in  Lockheed’s  four-inch  subsonic  supersonic  tunnel, 
shown  in  Figure  6  schematically.  The  cavity  test  article  consisted  of  three  interchange¬ 
able  cavities  which  were  mounted  in  a  specially  designed  section  of  the  tunnel  wall. 

Cavities  of  0.5,  1.0,  and  1 .5  inch  lengths,  1 .0  inch  width  and  1 .0  inch  depth  were 
used.  The  cavity  floor  and  tunnel  wall  1 .0  inch  upstream  and  downstream  of  the  cavity 
were  instrumented  with  high  intensity  microphones.  Sound  data  from  these  were  recorded 
on  tape  and  analyzed  for  frequency  and  amplitude  content.  Static  pressure  and  temper¬ 
ature  data  were  observed  from  visual  indicators.  The  tests  were  conducted  at  subsonic 
Mach  numbers  from  0.20  to  0.86  and  at  a  single  supersonic  Mach  number  of  3.0. 

2.  WIND-TUNNEL  MODEL 


a.  General 

Supersonic  tests  were  performed  in  the  40  X  40  inch  tunnel  at  AEDC,  Tullahoma, 
Tennessee,  through  a  range  of  Mach  numbers  from  1 .75  to  5.0.  The  model  comprised 
a  cylindrical  body  of  revolution  having  a  15-calibre  ogive  nose  section,  and  a  rectan¬ 
gular  recess  of  variable  dimensions  located  near  the  front  of  the  cylindrical  section, 
as  shown  in  Figures  7(a),  7(b),  &  7(c).  Cavities  with  lengths  of  .5  to  8.0  Inches, 
depths  of  1 .0  to  3.5  inches  and  widths  of  2.0  and  4.0  inches  were  tested.  Sound  data 
wore  obtained  with  thirteen  flush-mounted  high-intensity  microphones  and  recorded  on 
tape  for  subsequent  analysis.  Figure  8  gives  a  schematic  diagram  of  the  instrumentation 
used.  Static  pressure,  Mach  number,  and  temperature  data  were  recorded  automatically 
and  printed  out  by  a  computer.  Schlieren  movies  were  taken  of  the  flow  in  the  vicinity 
of  the  cavity.  Boundary  layer  profiles  along  the  model  exterior  surface  (90®  away  from 
the  cavity  but  at  the  same  longitudinal  location  as  the  leading  edge  of  the  cavity)  were 
measured  with  a  pressure  rake.  Further  definition  of  the  boundary  layer  was  obtained 
through  a  limited  number  of  hot-wire  measurements  of  the  longitudinal  component  of 
turbulence. 

b.  Model  Mechanism 

The  variable  cavity  mechanism  made  it  possible  to  change  cavity  size  without 
opening  the  tunnel  repeatedly.  The  cavity  floor  was  designed  to  permit  depths  of  1 .0" 
and  2.5".  Motor  -  controlled  slugs  allowed  any  desired  cavity  length  for  either  depth. 

A  third  slug  was  also  provided  so  that  cavities  with  a  depth  of  4.5  inches  could  be  tested; 
however,  due  to  a  malfunction  shortly  before  the  test,  this  feature  could  not  be  used. 
Control  circuitry  was  varied  during  certain  phases  of  the  test  program  so  that  a  wider 
range  of  depths  could  be  investigated  at  8"  cavity  length. 

Widths  of  2.0"  and  4.0"  were  tested  over  comparable  length  and  depth  ranges. 

The  basic  mechanism  involved  the  4"  width,  with  provisions  for  inserts  and  a  different 
floor  and  movable  slugs  to  convert  to  u  2”  width.  A  remote  motor  control  permitted 
cavity  dimensions  to  be  varied  from  outside  the  tunnel.  All  data  cables,  tubes  and 
control  wires  were  run  through  the  model  sting  and  then  out  of  tunnel.  Microphone 
and  pressure  tubes  had  flexible  cabling  and  tubing  to  permit  movement  of  the  various 
parts. 
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B.  INSTRUMENTATION  AND  TEST  PROCEDURES 


1.  SOUND  PRESSURE 

Sound  pressure  levels  were  measured  with  13  high  intensity  Altec  BR-180  and 
BR-200  probe  microphones.  Ten  microphones  were  mounted  in  the  cavity  floor  for  the 
4-inch-width  configuration,  2  in  the  rear  wall  and  one  on  the  model  surface  1  inch 
upstream  of  the  cavity.  In  the  2-inch-width  configuration  four  microphones  were 
mounted  in  the  floor.  Figure  9(a)  gives  a  location  diagram  for  the  microphones,  and 
illustrates  the  mounting  procedure  used.  The  probe  tip  in  each  installation  was  isolated 
from  metal-to-metal  contact  by  means  of  a  layer  of  resilient  tape,  as  indicated  in 
Figure  9(b). 

Four  of  the  microphones  used  were  standard  Altec-BR- 180-3  probe  microphones. 
The  remainder  were  either  BR— 1 80—1  or  BR— 200— I  microphones  fitted  with  probe  tubes 
fabricated  for  the  investigation.  These  tubes  were  somewhat  shorter  than  the  Altec 
probe,  but  were  found  from  comparative  laboratory  calibrations  conducted  in  a  small 
anechoic  chamber  to  produce  satisfactory  response  characteristics  up  to  8000  cps. 

Above  that  frequency  the  modified  probe  in  conjunction  with  the  BR— 1 80—1  series  of 
transducers  proaucea  a  more  rapid  decrease  in  sensitivity  than  the  commercial  system. 

Microphone  outputs  were  carried  from  the  model  to  decade  amplifiers  where 
necessary.  The  signals  then  went  to  a  C.E.C.  14  channel  recorder,  on  which  half 
the  channels  were  recorded  by  frequency-modulation  techniques  and  the  remaining 
half  by  direct-record  techniques.  Daily  field  calibrations  of  microphones  and  system 
were  made  as  a  matter  of  operating  routine. 

2.  STATIC  PRESSURE 

Static  pressures  were  measured  by  means  of  8  flush-mounted  pressure  pickups  in  the 
cavity  floor,  2  pickups  in  the  rear  wall,  1  pickup  on  the  model  exterior  and  five  pick¬ 
ups  in  the  boundary-layer  rake.  Locations  of  the  pickups  are  shown  in  Figure  9  (a). 
Actual  location  of  the  exterior  pickup  and  the  rake  was  previously  described.  Pres¬ 
sures  were  transmitted  by  steel  tubing  to  C.  E.C,  electro-dynamic  pressure  transducers 
and  associated  instrumentation.  This  instrumentation  resulted  in  punched  data  on  a 
paper  tape  which  was  in  turn  read  and  printed  out  by  a  computer.  The  computer  also 
calculated  and  printed  out  Mach  number  data  from  the  pressure  and  temperature  data 
which  comprised  its  input. 

3.  OPTICAL 

High-speed  Schlieren  movies  at  8000  frames  per  second  were  made  of  the  flow  in 
the  vicinity  of  the  cavity  for  every  condition  tested.  These  movies  were  taken  with  a 
Fastax  16  mm  movie  camera,  modified  to  take  3  mm  exposures  in  order  to  achieve  the 
desired  frame  speed.  All  photographs  were  taken  with  the  Schlieren  knife  edge  in  the 
horizontal  position,  in  some  cases  regular-speed  movies  were  taken  from  direct  views 
into  the  cavity,  which  was  coated  with  ultraviolet  sensitive  oil,  These  pictures  show 
flow  patterns  on  the  model  surface  and  cavity  interiors. 

4.  DATA  REDUCTION 

In  the  40"  by  40"  supersonic  tests,  simultaneous  tape  recording  of  all  microphones 
used  required  only  about  one  minute  total  tunnel  time  for  a  given  condition.  One 
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minute  was  considered  the  necessary  time  to  obtain  a  good  sample  of  noise  data. 
Automatic  readout  and  printout  of  pressure,  temperature,  and  Mach  number  required 
only  a  few  seconds.  Thus  data  for  a  given  run  was  back  in  the  control  booth  usually 
in  about  five  minutes.  In  this  way  close  check  was  kept  on  the  data  for  unusual 
occurrences, 
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FIGURE  7  (a) .  AEDC  TUNNEL  MODEL 


FIGURE  7  (b) .  MODEL,  TOP  VIEW 
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FIGURE  7  (c) .  CAVITY  CONFIGURATION 
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Altec  BR  180-3  Probe  Microphones 
(10-10,000  cp4  ! 
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FIGURE  8.  INSTRUMENTATION  SCHEMATIC  -  AEDC 


FIGURE  9.  TRANSDUCER  LOCATIONS  AND  MOUNTING  DETAILS 
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IV  -  EXPERIMENTAL  RESULTS  -  EXPLORATORY 


In  order  to  gain  better  Insight  into  the  problem  of  cavity  response,  a  series  of 
exploratory  tests  was  performed  with  the  arrangement  shown  in  Figure  6.  Three 
cavity  sizes,  comprising  lengths  of  0.5",  1  .0"  ,  and  1 .5"  were  tested  over  a  range  of 
subsonic  Mach  numbers  from  0.2  to  0.9  and  at  a  single  supersonic  Mach  number  of 
3.0.  In  all  cases  cavity  width  and  depth  were  held  constant  at  1 .0".  As  discussed 
previously,  sound  pressure  levels  were  observed  at  either  one  or  two  points  in  the 
cavity  floor,  depending  upon  cavity  length,  and  at  a  point  1 .0"  forward  of  the  cavity 
in  the  tunnel  wall .  As  a  matter  of  interest,  levels  were  also  observed  at  a  point  in 
the  tunnel  wall  approximately  1.0",  downstream  of  the  cavity.  Data  were  recorded  on 
a  two-channel  tape  recorder  for  later  spectral  analysis  with  a  1/3  octave  spectrometer. 

A.  EFFECT  OF  MACH  NU/^fi  ER 

Figure  10  illustrates  the  spectra  of  sound  pressure  observed  in  the  cavity  of  1 .0" 
length  at  each  subsonic  Mach  number  tested.  The  first  clearly -discernible  sign  of 
resonant  response  occured  at  approximately  0.2  Mach  number,  at  which  point  the  1/3- 
octave  analyses  exhibit  a  pronounced  peak  in  the  spectrum  in  the  vicinity  of  2000  cps, 
and  a  lesser  peak  at  about  8000  cps.  The  same  peaks  appear  at  a  lower  level  in  the 
upstream  spectrum,  indicating  that  radiation  from  the  cavity  is  taking  place. 

As  Mach  number  is  increased,  there  is  a  rapid  rise  in  the  sound  pressure  level 
associated  with  the  lower  mode,  such  that  a  maximum  level  of  152  db  occured  at  Mach 
0.665.  Further  increase  of  Mach  number  results  in  decrease  of  response  In  this  mode  up 
to  the  limit  of  the  tests,  or  Mach  0.86. 

It  is  noted  that  the  same  Mach  number  which  maximizes  this  lower^mode  response 
also  represents  the  clear  onset  of  response  in  another  mode  of  higher  frequency.  This 
response,  at  approximately  8,500  cps,  is  visable  in  the  spectrum  at  all  Mach  numbers, 
but  is  of  considerably  lower  level  than  that  of  the  lower  mode  up  through  a  Mach  num¬ 
ber  of  0.665.  Above  that  Mach  number,  however,  a  rapid  increase  in  level  of  this 
higher-frequency  response  occurs,  such  that  at  Mach  0.  835  it  is  the  predominant  res¬ 
ponse,  with  a  SPLof  161  db. 

Insofar  as  the  frequency  of  response  is  concerned,  an  increase  in  Mach  number 
produces  an  increase  in  frequency  of  the  lower-mode  response,  although  the  proportion¬ 
ality  is  not  a  direct  one.  For  example,  an  increase  of  Mach  number  by  a  factor  of 
approximately  4.0  produces  a  frequency  increase  of  approximately  60%.  The  high- 
frequency  mode  is  noted  to  change  still  less  with  Mach  number. 

On  the  basis  of  these  results  and  some  indications  of  the  early,  simplified  theory 
(to  be  discussed  subsequently),  it  was  concluded  that  the  response  of  this  particular 
cavity  is  more  nearly  that  of  acoustic  resonance  than  of  any  other  phenomena. 

B.  SUPERSONIC  FLOW 

Figure  11  gives  the  response  spectrum  of  the  configuration  just  discussed  at  a  Mach 
number  of  3.0.  It  is  interesting  to  note  that  essentially  the  same  frequencies  characte¬ 
rize  this  response  as  characterized  the  high-subsonic  response.  The  magnitude  of  the 
response  is  quite  different,  however.  The  higher  mode  is  not  predominant,  as  it  was 
at  0.835  Mach  number;  and  neither  response  exceeds  132  db.  Of  course  the  static 
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pressure  existing  in  the  cavity  is  appreciably  lower  in  the  supersonic  test.  The  level 
of  the  boundary  layer  noise  is  also  observed  to  be  reduced,  but  not  to  nearly  the  extent 
that  SPL  in  the  cavity  is. 

C.  EFFECT  OF  LENGTH 

The  effect  of  cavity  length  is  illustrated  by  Figure  12  which  shows  the  spectra  ob¬ 
tained  from  cavities  of  0.5", 1  .0",1.5"  length  at  approximately  0.60  Mach  number.  Cer¬ 
tain  significant  similarities  appear.  All  three  cavities,  for  example,  exhibit  a  peak  in 
the  2700-3200  cps  range,  which  is  hypothesized  to  be  the  depth  mode.  The  1.5"  cavitv 
appears  to  involve  a  more  complex  response.  It  contains  a  very  highly  predominant  peak 
at  1700  cps  which  appears  in  no  other  case. 

In  explanation  of  these  results,  consider  first  the  simplest  calculations  of  modes 
of  an  enclosure  of  1  .0"  width,  1"  depth,  and  lengths  of  0.5", 1  .0"  or  1 .5".  The 
characteristic  frequency  equation  is: 


From  this  the  primary  length  and 

width 

modes  are  cal 

Iculated  as  shown  b 

elow: 
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0 

0 
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n 

1 

0 
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In  addition  to  the  depth  modes,  i!  might  be  expected  that  the  above  modes  should 
appear.  The  0.5"  cavity  exhibits  none  of  these  frequencies,  and  its  response  is  assumed 
to  be  entirely  that  of  the  first  two  depth  modes.  Although  the  1 .0"  cavity  appears  to 
have  essentially  the  same  kind  of  response,  it  will  be  noted  that  the  peak  occurs  at  about 
2800  cps  instead  of  3200  cps,  as  it  does  in  the  0.5"  cavity.  This  corresponds  to  both  the 
first  length  and  first  width  mode  as  tabulated  above  and  may  actually  be  that  mode.  The 
results  with  the  1.5"  length  seem  to  support  this  since  the  predominant  response  is  at  1700 
cps,  which  is  clearly  the  frequency  of  the  first  length  mode.  The  peak  at  5200  cps  appears 
to  be  the  third  length  mode. 

The  sound  speeds  in  the  AEDC  supersonic  wind-tunnel  for  the  various  test  Mach 
numbers  are  tabulated  below: 


MACH  NO. 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

SPEED  OF 
SOUND,  FPS 

1160 

1152 

1160 

1162 

1182 

1185 

1205 
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FIGURE  11.  SPECTRAL  RESPONSE  OF  A  1"  LENGTH  X  1"  WIDTH  X  1"  DEPTH  CAVITY  IN 
SUPERSONIC  FLOW 
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V  -  EXPERIMENTAL  RESULTS  -  AEDC 


The  more  detailed  tests  were  performed  in  the  40"  X  40"  supersonic  tunnel  at 
AEDC,  using  the  model  of  Figure  7.  The  procedure  followed  in  the  test  program  was 
to  obtain  data  at  various  Moch  numbers  at  as  nearly  constant  tunnel  "q"  as  possible,  and 
then  to  evaluate  the  effect  of  "q"  at  one  particular  Mach  number.  Thus,  unless  other¬ 
wise  identified,  all  data  presented  were  obtained  at  the  maximum  "q"  of  5.00  psi  with 
one  exception.  At  a  Mach  number  of  5.0,  it  was  not  possible  to  obtain  full  "q"  without 
condensation,  hence  all  data  at  5.0  Mach  number  were  obtained  at  q  =  2.68  psi. 

A.  BOUND  ARY- LAYER  CHARACTERISTICS 


1.  VELOCITY  PROFILES 

In  order  to  define  the  conditions  under  which  the  data  were  taken,  boundary 
layer  profiles  were  obtained  for  each  tunnel  condition.  Figure  13  gives  the  results  ob¬ 
tained  for  Mach  numbers  of  2.0,  3.0,  4.0  and  5.0.  The  data  points  are  plotted  along 
with  two  theoretical  profiles.  The  solid  curve  in  each  case  gives  the  conventional  7th 
power  law;  the  broken  curve  gives  the  profile  calculated  by  the  theory  of  Reference  8 
for  compressible  flow.  The  indications  are  that  the  profiles  existing  on  the  model  agree 
reasonably  well  with  those  for  fully-developed  turbulent  flow. 

2.  TURBULENCE  SPECTRA 

To  further  catalog  the  flow  field  in  which  the  data  were  taken,  a  limited  number 
of  hot-wire  measurements  of  the  spectrum  of  turbulence  in  the  boundary  layer  ahead  of 
the  cavity  were  attempted.  The  measurements  were  successful  at  Mach  numbers  of  2.0 
and  5.0;  at  other  Mach  numbers  wire  attrition  precluded  taking  of  the  data  In  a  reason¬ 
able  length  of  time. 

Figure  14  gives  the  dimensionless  spectra  of  the  longitudinal  component  which 
were  obtained  in  each  case.  At  Mach  5.0,  the  spectrum  was  found  to  be  typically  ran¬ 
dom.  At  Mach  2,  on  the  other  hand,  the  spectrum  contains  a  very  pronounced  discrete 
frequency,  at  2580  cps.  The  origin  of  this  periodicity  is  not  known  conclusively,  but  it 
is  assumed  to  be  associated  with  the  tunnel  itself. 

3.  AERODYNAMIC  NOISE 

The  microphone  located  upstream  of  the  cavity  afforded  the  determination  of 
boundary  layer  noise  as  further  definition  of  the  test  conditions.  Spectral  analyses  were 
made  at  all  test  Mach  numbers  and  at  five  "q"  values  for  one  particular  Mach  number. 
Figure  15  illustrates  the  dimensionless  spectra  obtained  at  the  various  Mach  numbers. 
The  level  of  boundary  layer  noise  was  found  to  decrease  markedly  with  Mach  number 
when  "q"  was  held  constant.  Figure  16  depicts  the  observed  variation  of  the  SPLof 
three  spectrum  level  samples.  The  levels  at  Mach  5.0  have  been  increased  by  6.0  db. 
since  the  "q"  at  that  Mach  number  was  approximately  one-half  that  at  all  the  other 
Mach  numbers  considered. 

The  indications  are  that  Mach  number  plays  a  large  part  in  determining  the 
pressure  level  of  aerodynamic  noise.  As  shown  in  Figure'  16,  spectral  levels  of  three 
typical  frequencies  varied  from  around  110  db  at  Mach  1.75  to  around  68  db  at  Mach 
5,  a  range  of  42  db. 
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-Figure  17  pilots- the -oyercdl  ley  el.  In  terms  of  . Its  ratio  to  dynamic  pressure  as  a 
function  of  Mach  number.  It  is  observed  that  again  a  large  effect  of  Mach  number  is 
indicated.  Implicit  in  the  above  mentioned  figures  is  a  decrease  in  static  pressure  with 
increasing  Mach  number.  This  may  be  as  much  a  controlling  factor  in  the  reduction  of 
sound  pressure  as  the  effect  of  Mach  number.  For  this  reason  the  static  pressures  corre¬ 
sponding  to  the  test  Mach  numbers  are  included  on  Figures  16  and  17. 

The  numerical  values  obtained  for "ift? /q  are  somewhat  disconcerting  in  that  they 
are  appreciably  lower  than  those  obtained  in  other  investigations.  This  difference  may 
reflect  the  lower-frequency  limitation  in  the  present  case,  which  for  convenience  of 
analysis  was  200  cps.  The  analyzer  used  had  the  capability  of  continuous  analysis  through 
two  decades,  either  20  -  2000  cps  or  200  -  20,000  cps.  To  obtain  the  full  range  from 
20  -  10,000  cps  required  twice  the  analysis  time;  therefore,  the  analyses  were  limited 
to  a  lower  cutoff  frequency  of  200  cps.  In  view  of  the  rising  spectrum  envelope  at  the 
low  frequencies,  it  would  be  expected  that  the  overall  SPL  may  be  appreciably  higher 
when  frequencies  down  to,  say, 20  cps  are  considered. 

B.  CAVITY  RESPONSE 

The  results  of  the  test  program  indicate  that  the  pressure  response  of  a  cavity  can 
be  categorized  broadly  as  a  dual  phenomenon  -  a  discrete  frequency  resonant  response 
and  a  random  buffet  response.  The  former  is  hypothesized  to  result  from  excitation  of 
the  normal  acoustic  modes  of  the  cavity;  the  latter  results  from  the  unstable  nature  of 
the  separated  flow  in  some  cases,  which  tends  to  permit  an  intermittent  direct  impinge¬ 
ment  of  flow  on  the  rear  face  of  the  cavity.  As  might  be  expected,  the  buffet  response 
is  greatest  for  the  larger  cavities. 

The  discussion  to  follow  considers  three  aspects  of  the  response,  i.  e. 

1)  The  flow  characteristics 

2)  The  frequency  response 

3)  The  magnitude  response 

1.  FLOW  STUDIES 

The  characteristics  of  the  flow  associated  with  a  cavity  were  investigated  in  de¬ 
tail  by  means  of  high-speed  Schlieren  movies  and  static  pressure  measurements,  and  to  a 
lesser  extent  by  oil-flow  movies  which  permit  visualization  of  flow  conditions  on  the 
floor  of  the  cavity. 

a.  Schlieren  indications 

Schlieren  movies  taken  at  8000  frames/sec  indicate  that  the  cavity  induces  a 
highly  unstable  flow  condition  in  some  cases.  A  typical  case  is  shown  in  Figure  18, 
which  presents  12  consecutive  frames  from  the  movie  of  an  8"  length  2"  width  and  2.5“ 
depth  cavity  at  a  Mach  number  of  2.0.  Each  frame  comprises  the  view  shown  by  the 
dotted  lines  in  the  insert  and  the  boundary  layer  is  identified  as  the  white  band  in  the 
right  corner  of  each  figure. 

The  instantaneous  displacement  profile  of  the  separated  boundary  layer  is  seen 
to  assume  a  variety  of  shapes,  reflecting  an  unstable,  rapidly  fluctuating  flow  state. 
Although  not  clearly  shown  in  this  figure,  the  movie  itself  indicates  that  such  extremes 
are  encountered  at  the  front  of  the  cavity  and  that  there  is  sometimes  a  shock  rather  than 
the  expected  expansion  fan. 
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Further  investigation  of  the  fluctuating  boundary-layer  displacement  was  conducted 
to  determine  the  time  history  of  displacement  at  certain  representati  ve  lengthwise  stations 
along  the  cavity.  Figure  19  shows  a  sample  of  the  results  at  Mach  2.0  for  an  8"  L  X  2" 

W  X  1 .5"  D  cavity.  Here  the  locus  of  the  free-stream  side  of  the  boundary  layer  (as  de¬ 
fined  by  Schiieren  pictures)  with  reference  to  an  arbitrary  zero  is  plotted  against  time  to 
give  the  wave  shape  of  displacement. 

There  appears  to  be  a  definite  tendency  to  periodicity  in  every  case,  with  a  lower- 
frequency  predominance  near  the  rear  of  the  cavity.  This  latter  trend  is  accompanied  by 
a  pronounced  increase  in  amplitude  at  the  rear  of  the  cavity  as  well.  The  maximum  ex¬ 
cursion  is  observed  to  vary  from  0.18"  at  the  2"  station  to  0.6"  at  the  6"  station.  Simi¬ 
larly,  the  rms  value  of  displacement  varies  from  .052"  at  the  2"  station  to  .161"  at  the 
6"  station. 

Further  evidence  of  the  periodicity  of  this  motion  is  afforded  by  the  correlatio’n 
between  various  pairs  of  points  along  the  streamwise  dimension.  Correlation  coefficients, 
defined  as 


were  determined  numerically  from  the  time  history  records  for  a  cavity  of  length  8", 
width  2",  and  depth  1 .5"  at  Mach  2,0.  Figure  19b  gives  the  correlation  diagram  which 
was  obtained  therefrom.  The  curve  is  very  similar  to  that  associated  with  a  periodic  wave, 
especially  in  the  rather  high  degree  of  negative  correlation  obtained.  On  the  premise  of 
periodicity,  indications  are  that  the  wavelength  Is  of  the  order  of  4.  8  inches  (taking  the 
average  of  positive  and  negative  abscissae  intercepts).  This  corresponds  to  a  frequency  of 

f  =  c  =  1100  x  12  =  2750  cps 

T  -ra — 

Reference  to  Figure  27a  indicates  that  the  predominant  pressure  response  of  an  8" 
cavity  occurs  at  2200  cps,  at  which  frequency  the  sound  pressure  level  in  the  cavity  is  at 
least  10  decibels  above  that  of  any  other  frequency. 

These  fluctuations  of  the  boundary  layer  show  a  strong  correlation  with  cavity 
dimensions.  At  a  given  Mach  number,  the  fluctuations  become  very  small  when  cavity 
depth  is  decreased  to  1".  Conversely,  they  become  larger  as  depth  Is  increased.  Figure 
20  Illustrates  this  tendency  for  depths  of  1.0",  1 .5"  ana  2"  at  stations  2"  and  5"  from 
the  cavity  leading  edge.  The  change  in  maximum  excursion  between  a  depth  of  1.5" 
and  1"  is  quite  apparent,  particularly  in  the  rear  of  the  cavity.  Where  a  maximum  ex¬ 
cursion  of  0.6"  occured  at  the  5"  station  for  1 .5"  depth,  the  maximum  is  only  0. 3"  for 
1"  depth.  At  2"  depth,  the  maximum  excursion  is  0.7". 

As  would  be  expected  short  cavities  do  not  show  nearly  the  instabilities  that  are 
shown  for  the  8"  cavity,  the  separated  flow  being  able  to  bridge  the  gap.  The  Schiieren 
movies  reveal  that  there  are  fluctuating  displacements  in  the  case  of  a  short  cavity,  but 
these  appear  to  be  more  in  the  nature  of  an  inphase  motion  throughout  the  cavity  length. 
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Cettoiu  other  features  of  the  flow  over  a  cavliy  beeome  evident  in  the  pictures,  however, 
as  shown  in  Figure  21 .  Here  the  cavity  Is  short  enough  (l"-  length) Jhal  ihe  field  of  view 
of  the  camera  permits  observation  of  the  flow  for  some  distance  downstream  of  the  cavity. 
Clear  evidence  of  a  periodic  disturbance  in  the  boundary  layer  is  seen.  Presumably  this 
is  a  traveling-wave  disturbance)  which  Is  probably  also  present  with  long  cavities  as  well. 

A  sample  time  history  for  the  4"  cavity  length  is  shown  in  Figure  22  In  the  interest 
of  completeness.  Comparison  of  this  figure  with  Figure  19  shows  that  the  fluctuations  are 
greatly  reduced  at  the  4"'  length. 

b.  Oil-Flow  Movies 

Model -fabrication  considerations  precluded  the  possibility  of  direct  Schlieren 
view  of  flow  conditions  inside  the  cavity.  Therefore  in  an  effort  to  gain  insight  into  flow 
conditions  therein,  a  limited  number  of  movies  were  made  with  the  floor  of  the  cavity 
covered  with  a  film  of  oil  containing  luminescent  particles  in  suspension.  Illumination  of 
the  model  with  black  light  then  made  the  oil  clearly  visible.  These  were  not  particularly 
revealing,  although  there  was  definite  indication  of  a  vortex  within  the  cavity  in  some 
cases.  Figure  23  shows  the  photographs  for  lengths  of  0",  1/2"  1”,  2",  3”,  4",  5”,  6“, 
7" ,  and  8".  The  view  shown  is  almost  directly  into  the  cavity,  with  flow  from  left  to 
right  at  a  Mach  number  of  2,0.  At  length  1/2“  the  oil  tends  to  collect  in  a  lateral  line 
about  halfway  back  In  the  cavity.  The  same  pattern  is  evident  in  the  1"  cavity.  In  the 
2"  cavity  there  is  clear  Indication  of  a  vortex  formation  which  seems  to  have  a  vertical 
axis.  At  longer  length  there  is  some  slight  Indication  of  the  same  sort  of  formation,  al¬ 
though  it  is  not  as  clearly  defined. 

c.  Static-Pressure  Indications 

Static  pressures  were  measured  along  the  cavity  floor  in  all  cases.  Some  runs  also 
had  pressure  pick-ups  on  the  front  and  rear  walls.  Rear  wall  pressures  were  usually  of  the 
same  magnitude  as  the  rearmost  floor  pressure  for  a  given  configuration  whereas  front  wall 
pressures  were  usually  from  zero  to  ten  percent  higher  than  front  floor  pressure,  Due  to 
the  scatter  and  Incomplete  wall  data,  tne  following  discussion  Is  concerned  mainly  with 
floor  data.  The  model  local  static  pressure  Is  giver.  In  all  figures  In  this  section,  and  Its 
relation  to  cavity  pressures  can  be  seen. 

(1)  Effect  of  Depth;  The  depth  of  an  8"  long  cavity  was  varied  In  half-inch  steps  from 
I ,k  to  3.5"  at  all  Mach  numbers.  The  data  obtained  at  Mach  2  Is  typical  of  that 
for  the  entire  program  (Figure  24).  A  trend  of  Increasing  cavity  pressure  with  In¬ 
creasing  depth  is  shown.  Pressure  profile  shape  does  not  change  appreciably  but  Is 
a  little  flatter  for  shallow  cavities. 

(2)  Effect  of  Length;  Variation  of  length  has  several  effects,  as  Indicated  in  Figure  25. 
The  front  floor  pressure  decreases  with  increasing  cavity  length  to  a  point  and  then 
rises  again.  For  cavities  greater  than  4"  length,  the  rearmost  floor  pressure  is  con¬ 
siderably  higher  than  that  anywhere  else  in  the  cavity.  At  high  Mach  numbers  this 
was  not  true,  however,  the  floor  profile  being  almost  flat.  Lowest  floor  pressure 
occured  approximately  two-thirds  of  the  way  back  on  the  floor  regardless  of  actual 
length. 
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(3)  Effect  of  Width:  Variation  of  width  from  4"  to  2“  did  not  change  floor  pressures,  but 
cf i d  producefFe  higher  pressures  measured  on  the  front  wall  which  were  mentioned 
previously.  No  other  effects  of  width  changes  were  observed. 

(4)  Effect  of  Mach  Number:  Increasing  Mach  number  in  general  gave  more  scatter  in  data 
tor  a  given  location,  and  length  and  depth  effects  do  not  show  up  as  well.  The  floor 
profile  becomes  flatter  with  increasing  Mach  number  (Figure  26).  At  low  Mach  num¬ 
bers,  the  rear  wall  pressures  were  slightly  less  than  rear  floor  pressures  while  at  high 
Mach  numbers,  the  rear  wall  had  slightly  higher  pressures. 

(5)  Effect  of  “q":  Increasing  "q"  from  .77  to  5. 1  psi  at  Mach  2.5  produces  a  general  in- 
crease  In  all  cavity  pressures.  Floor  profiles  tend  to  be  flatter  at  very  low  "qu  and 
assume  the  typical  shape  at  high  “q" . 

2.  CHARACTERISTIC  FREQUENCIES 

The  typical  response  obtained  in  both  the  exploratory  and  AEDC  tests  is  a  discrete 
frequency  response  containing  several  peaks.  Some  of  these  are  harmonic,  or  nearly  so, 
and  some  are  not.  Additionally,  the  spectrum  may  contain  a  random  low  frequency 
response  which  is  referred  to  herein  as  "cavity  buffeting".  To  illustrate  a  set  of  typical 
responses,  Figure  27-a  gives  the  spectra  for  all  lengths  tested  at  a  particular  Mach  num¬ 
ber,  in  this  case  M  -  2.  Figure  27-b  illustrates  the  effect  of  "q"  on  the  spectrum  of  res¬ 
ponse. 

a.  Effect  of  Dimensions 

Figure  28  gives  a  composite  plot  of  all  discrete  frequency  components  which  are  dis¬ 
cernible  from  tiie  spectra  obtained  at  Mach  2.0.  In  the  sense  of  a  preliminary  orienta¬ 
tion  as  to  the  response  frequencies,  a  family  ot  harmonic  curves  is  shown  along  with  the 
data.  To  obtain  these  curves,  a  single  curve  was  faired  through  all  data  points  relating 
to  the  second  lowest  discernible  component  (selected  instead  of  the  lowest  component 
because  of  its  sharpness).  The  harmonic  curves  were  thus  normalized  on  this  as  a  base, 

This  figure  illustrates  the  point  just  made.  For  any  length  the  frequencies  observed 
are  nearly  harmonic,  but  not  quite  so,  and  there  are  usually  one  or  two  extra  points.  It 
is  apparent  that  there  are  so  many  frequencies  excited  that  almost  any  hypothesis  can  be 
supported,  depending  upon  how  the  data  are  viewed.  For  that  reason,  the  final  analysis 
of  the  entire  response  spectrum  will  be  discussed  in  that  section  of  the  report  wherein 
theoretical  and  experimental  comparisons  are  drawn. 

For  the  present,  certain  conclusions  seem  warranted  by  the  data  for  the  first  four 
response  frequencies.  First,  the  trend  of  the  lowest-frequency  response,  hereafter  re¬ 
ferred  to  as  "1st  mode,"  is  suggestive  of  an  inverse  relationship  between  frequency  and 
cavity  length.  Also,  the  1st  mode  and  the  2nd  mode  frequencies  are  almost  exactly 
harmonic.  Thus  it  might  be  concluded  from  these  experimental  data  that  at  least  for  the 
first  few  modes 


f  CX  n/l 

'  x 


where 


n  —  1,2,  3,  etc. 

~  cavity  length 
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Figure  29  gives  a  comparison  of  the  experimental  data  for  each  of  the  first  four  modes 
with  The  curve  deptclting  this  relationship,  in  order  to  broaden  the  scope  of  the  results  and 
perhaps  bring  info  perspective  other  parameters,  data  are  plotted  for  the  1"  depth  along 
with  the  2.5”  depth,  and  for  a  4"  width  and  2.5“  depth  as  well. 

For  lengths  from  4"  to  8"  the  1st  mode  data  seems  to  follow  the  f  o<  n/Lx  curve 
very  well,  regardless  of  cavity  width  or  cavity  depth.  For  lengths  of  2"  and  less,  how¬ 
ever,  the  lowest  observed  experimental  frequency  is  appreciably  less  than  indicated  by  the 
f  e(  n  /Lx  curve.  The  same  trend  appears  in  the  2nd  mode  comparisons.  For  the  3rd 
mode,  the  divergence  between  the  fejf  n/L  curve  and  the  data  is  perhaps  not  as  great, 
but  there  is  a  markedly  higher  degree  of  scatter. 

These  results  seem  to  indicate  three  broad  conclusions: 

1 .  The  cavity  response  for  long  lengths  is  a  different  phenomena  from  that  for 
short  lengths,  perhaps  corresponding  to  the  difference  between  length  modes 
in  the  former  case  and  depth  modes  in  the  latter. 

2.  A  factor  of  2  change  in  cavity  width  has  little  or  no  effect  on  frequencies  .of 
the  first  two  modes,  considering  lengths  >  4".  (this  is  not  to  say  that  there 
will  not  be  a  definite  width  effect  on  some  of  the  higher  modes.) 

3.  A  factor  of  2.5  change  in  depth  has  no  appreciable  effect  on  the  first  two  or 
three  modes  of  a  large  cavity,  again  considering  lengths  >  4**. 

b.  Effect  of  Mach  Number 

The  observed  effect  of  Mach  number  is  shown  in  Figure  30.  Here  the  1st  mode  is 
selected  for  study,  and  data  for  Mach  numbers  of  2.0,  3.0,  and  4.0  are  plotted  together 
to  determine  if  any  systematic  effects  occur. 

In  general,  the  indications  are  that  the  effect  of  Mach  number  is  small.  With  the 
exception  of  the  data  at  2"  length  and  at  4"  length,  in  every  case  the  points  at  different 
Mach  numbers  are  almost  coincident. 

As  discussed  previously,  the  2"  length  was  found  to  produce  clear  indication  of  a 
vortex  within  the  cavity.  This  factor,  which  suggests  that  a  different  flow  regime  exists 
at  that  length,  may  be  the  cause  of  the  wide  spread  in  response  frequencies  shown  in 
Figure  30  at  the  2"  length. 
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3.  AMPLITUDE  RESPONSE 

in  consideration  of  the  amplitude  response  both  the  buffet  and  resonant  contributions 
must  be  considered.  These  are  discussed  individually  in  the  following: 

a.  BUFFET  RESPONSE 

The  buffet  response  of  the  cavity  is  characterized  by  a  random  spectrum  which 
reaches  its  maximum  value  in  every  instance  at  the  lower  limiting  frequency  of  the 
analyses,  Thus,  there  is  some  uncertainty  as  to  what  the  true  maximum  may  be.  Some 
few  analyses  made  with  100  cps  as  the  lower  limiting  frequency  still  showed  a  rising 
spectrum  envelope.  Thus,  in  view  of  the  uncertainty  regarding  overall  level,  all  dis¬ 
cussion  of  this  facet  of  the  response  will  be  confined  to  representative  spectrum-level 
variations. 

(1)  Effect  of  Cavity  Dimensions:  Figure  31  illustrates  the  effect  of  cavity  length  and 
cavity  width  on  the  levels  observed  in  50-cps  bands  centered  at  200  cps  and  400 
cps.  The  upper  graph  gives  the  results  obtained  at  Mach  2.0  for  a  2"  width;  the 
lower  graph  gives  corresponding  results  for  the  4“  width.  The  indications  are  that 
there  is  approximately  a  10:1  (20  db)  increase  in  buffet  level  over  the  length  range 
tested.  The  buffet  response  reaches  a  maximum  at  the  6"  length  and  remains  con¬ 
stant  for  greater  lengths. 

The  4"  width  exhibits  about  the  same  response,  both  in  maximum  value  and  minimum 
value.  There  is  one  notable  difference,  however;  the  maximum  response  is  reached 
with  a  shorter  length  of  4"  in  the  wider  cavity. 

(2)  Effect  of  Depth:  Although  the  2“  and  4"  widths  show  very  similar  buffet  response  at 
2.5kl  depth,  they  show  markedly  different  levels  of  response  as  depth  is  system¬ 
atically  varied.  Or  more  precisely,  the  good  agreement  shown  in  the  proceeding 
figure  is  perhaps  only  a  fortuitous  result,  for  Figure  32  indicates  that  as  depth  is 
varied  in  an  8"  cavity  the  width  becomes  an  important  factor.  The  2"  width  cavity 
produced  a  buffet  response  which  increased  continuously  throughout  the  range  of 
depths  tested,  whereas  the  buffet  response  of  the  4"  width  cavity  reached  its  maxi¬ 
mum  at  1 .5"  depth  and  decreased  thereafter.  This  result  suggests  that  cavity  vol¬ 
ume,  as  well  as  length  may  be  a  controlling  parameter  in  buffet  response. 

(3)  Effect  of  Mach  Number:  Figure  33  depicts  the  effect  of  Mach  number  on  the  buffet 
response  ot  a  given  cavity.  Sound  levels  decrease  rather  uniformly  with  increasing 
Mach  number. 

(4)  Spatial  Distribution:  The  streamwise  variation  of  buffet  levels  in  an  8"  cavity  are 
shown  in  figure  34.  The  highest  levels  occur  in  the  rear  of  the  cavity,  as  might 
be  expected.  A  difference  in  level  of  the  order  of  15  db.  exists  between  front  and 
rear  of  the  cavity. 

b.  RESONANT  RESPONSE 

The  amplitude  of  the  resonant  response  is  considerably  more  difficult  to  categorize 
than  that  of  the  buffet  response  since  it  involves  presumably  the  characteristic  distri¬ 
butions  of  a  number  of  different  modes.  The  following  discussion  will  attempt  to  derive 
from  the  voluminous  data  obtained  certain  conclusive  indications  of  a  general  nature. 
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The  distribution  of  sound  pressure  inside  a  given  cavity  is,  of  course,  a  matter  of 
Interest.  Thts  fdeet  of  the  response  is  best  studied  with  a  long-cavity  configuration, 
where  data  are  available  from  a  number  of  microphones.  Figure  35  shows  the  distri¬ 
butions  of  pressure  in  the  first  fpur  modes  as  observed  in  the  streamwise  direction  on  the 
centerline  of  the  floor  in  a  cavity  of  length  7"  and  depth  2.5".  The  Mach  number  for 
this  example  is  2.0. 

The  most  general  result  indicated  is  that,  regardless  of  the  shape  of  the  distribution 
curve,  there  is  a  pronounced  tendency  for  the  response  to  be  greatest  near  the  upstream 
end  of  the  cavity.  Or,  stated  another  way,  it  appears  that  whatever  typical  response 
exists,  St  is  subject  to  the  superposition  of  what  is  probably  an  exponential  decrease  of 
intensity  in  the  streamwise  direction.  It  is  observed  that  this  is  airectly  opposite  to  the 
buffet  distributions. 

Now  consider  the  individual  responses.  In  the  first  and  third  modes  there  is  a 
definite  tendency  for  a  standing-wave  type  of  distribution,  perhaps  as  shown  by  the 
curves  which  have  somewhat  arbitrarily  been  drawn  through  the  data.  On  the  other 
hand,  the  distribution  for  the  second  mode  has  very  little  tendency  toward  periodicity 
but  accentuates  the  exponential  decrease. 

The  same  sort  of  cyclica  I  response  as  that  just  discussed  for  a  given  length  occurs 
at  a  given  point  as  the  length  of  the  cavity  is  varied.  For  example,  Figure  36  (a)  shows 
the  response  at  a  point  1/2"  from  the  leading  edge  of  a  cavity  whose  length  was  system¬ 
atically  increased  from  0.625"  to  7"  at  a  Mach  number  of  2.0.  Cavity  depth  was  held 
constant  at  1"  and  width  at  2".  Extremely  wide  variations  of  pressure  are  found  to  occur 
in  each  of  the  first  three  modes.  The  pressure  at  this  particular  point  was  found  to  reach 
a  maximum  when  the  length  was  adjusted  to  2",  and  to  decrease  sharply  as  length  was 
further  increased.  At  the  5"  length  a  minimum  was  recorded,  and  at  still  greater  lengths 
another  substaqtial  increase  in  level  occured.  Perhaps  it  should  be  noted  that  two  un¬ 
usual  conditions  are  associated  with  the  2"  length.  First,  at  this  Mach  number,  both 
the  hot-wire  turbulence  spectrum  and  the  upstream  boundary-layer-noise  spectrum  showed 
a  strong  periodic  component.  In  the  turbulence  spectrum  this  occured  at  about  2580  cps, 

In  some  cases  the  cavity  response  has  a  peak  very  close  to  this  frequency.  This  may 
only  reflect  cavity  response  off-resonance  to  discrete-frequency  forcing,  but  it  may  also 
reflect  coincidence  of  the  discrete  input  with  a  cavity  resonance  in  which  case  a  very 
large  response  would  be  expected. 

Secondly,  the  oil-flow  movies  revealed  that  the  2"  length  permitted  a  pronounced 
vortex  formation  in  the  cavity,  which  could  also  change  the  response  greatly. 

Further  indication  of  the  possible  uniqueness  of  this  response  is  afforded  by  the  set 
of  partial  curves  at  the  right  of  Figure  36  (a).  Those  were  obtained  under  precisely  the 
same  conditions  as  the  other  data, 'except  that  the  depth  was  held  constant  at  2.5"  in¬ 
stead  of  1".  Unfortunately  malfunction  of  the  cavity  drive  mechanism  precluded  the  ‘ 
setting  up  of  lengths  less  than  3",  so  that  the  response  of  the  2"  length  was  not  obtained 
at  this  depth.  Even  so,  from  the  data  at  lengths  greater  than  2"  it  is  apparent  that  this 
deeper  cavity  represents  a  quite  different  situation.  It  is  also  clear  that  over  most  of  the 
common  range  of  lengths  of  the  two  sets  of  data,  pressure  response  in  the  2.5"  depth  is 
several  orders  of  magnitude  greater  than  that  in  the  1"  depth.  This  result  is  certainly 
consistent  with  the  indications  of  Figure  21,  which  led  to  the  conclusion  that  the  bound¬ 
ary-layer  fluctuations  of  the  1"  deep  ccvity  were  considerably  less  than  those  of  the  2.5" 
cavity. 
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Figure  36  (  b  )  gives  a  comparable  plot  to  that  of  Figure  36  (  a  )  but  a  Maeh 
number  of '3v0.  Two  things  are  evident.  First,  the  maximum  levels  are  of  the  order 
of  30  db.  lower  than  those  at  Mach  2.0,  a  result  which  is  compatible  with  the  re¬ 
duction  of  boundary-layer  noise  between  those  same  two  Mach  numbers.  Secondly, 
there  Is  no  evidence  of  the  extremely  high  levels  at  the  2"  length.  Rather  the 
levels  in  that  vicinity  tend  to  exhibit  a  more  cyclical  variation  of  the  type  that  wou 
be  expected  of  a  resonant  response. 
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FIGURE  14.  BOUNDARY-LAYER  TURBULENCE  SPECTRA 
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FIGURE  15.  BOUNDARY-LAYER  NOISE  SPECTRA 
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FIGURE  19.  TIME  HISTORY  OF  BOUNDARY- LAYER  FLUCTUATIONS  FOR  LONG  CAVITY 
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FIGURE  23.  OIL  FLOW  PHOTOGRAPHS  OF  FLOW  INSIDE  CAVITY 
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FIGURE  23.  (Contd.)  OIL  FLOW  PHOTOGRAPHS  OF  FLOW  INSIDE  CAVITY 
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FIGURE  24.  EFFECT  OF  DEPTH  ON  CAVITY  STATIC  PRESSURE 
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Model  Local  Static  Pressure  1 .49  psi 
Cavity  Width  2  Inches,  Depth  2.5  Inches 
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FIGURE  25.  EFFECT  OF  LENGTH  ON  CAVITY  STATIC  PRESSURE 
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Dhtgnce  Along  Cavity  Floor  (0  =  Upstream  End)  -  inches 
Length  =  8,0" 

Width  =2.0" 

Depth  =2.5" 

FIGURE  26.  EFFECT  OF  MACH  NUMBER  ON  CAVITY  STATIC  PRESSURE 
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FIGURE  27  (a) .  TYPICAL  FREQUENCY  RESPONSE  OF  A  CAVITY  IN  SUPERSONIC  FLO 
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FIGURE  27  (a) .  (Continued) 
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FIGURE  27  (b).  EFFECT  OF  DYNAMIC  PRESSURE  q 
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FIGURE  31  .  EFFECT  OF  CAVITY  LENGTH  AND  WIDTH  ON 
BUFFET  RESPONSE 
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FIGURE  32.  EFFECT  OF  CAVITY  DEPTH  AND  WIDTH  ON  TYPICAL  BUFFET 
RESPONSES 
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FIGURE  34.  LENGTHWISI:  DISTRIBUTION  OF  BUFFET  RESPONSE  IN  LONG  CAVITY 
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VI  -  COMPARISON  OF  THEORY  &  EXPERIMENT 

In  making  comparisons  of  theory  and  experiment,  it  will  be  helpful  to  consider  first 
the  cases  where  the  simplified  theory  may  be  expected  to  apply.  This  has  the  merit  of 
considering  the  simpler  responses  first,  and  determining  the  factors  which  limit  the  range 
of  applicability  of  the  simplified  theory.  Then  the  more  general  cases,  in  which  both 

depth  and  length  modes  appear,  can  be  considered  with  better  insight. 

« 

A.  SHORT  CAVITIES 


1.  SUBSONIC 

The  simplified  theory  is  predicated  on  the  assumption  that  the  modes  in  which  the 
cavity  responds  are  predominately  depth  modes;  that  is,  no  standing  waves  in  either  the 
streamwise  or  tranverse  directions  are  considered.  While  this  approach  would  hardly  be 
realistic  fo<  lung  cavities,  there  is  evidence  that  it  may  be  adequate  for  short  cavities. 

To  explore  this  possibility,  consider  first  the  data  for  a  1/2"  length  X  1"  width  X  1  " 
depth  cavity  from  the  tests  conducted  at  Lockheed. 

a.  Frequency 

Equation  (61)  gives  the  calculated  amplification  of  pressure  which  would  be  expected 
between  the  bottom  and  top  of  a  cavity  Calculation  of  a  complete  family  of  response 
curves  by  this  equation  yields  the  results  shpwn  in  Figure  37  for  Mach  numbers  from  0. 1 
to  0.9.  First  consider  the  implications  of  these  curves.  They  are  the  following: 

1)  The  cavity  should  exhibit  two  responses  (within  the  frequency  limits  of  0-10,000 
cps)  at  all  subsonic  Mach  numbers. 

2)  The  frequency  ot  these  two  resonant  responses  should  decrease  slightly  with 
Mach  number. 

3)  The  low  frequency  mode  should  predominate  at  ail  Mach  numbers.  However, 
increasing  Mach  number  causes  lower  response  in  the  low  mode  and  a  more 
predominant  response  in  the  higher  mode. 

Figure  38  gives  the  measured  response  spectrum  of  the  1/2"  X  1  "  X  1"  cavity 
throughout  the  subsonic  regime.  It  is  observed  in  the  way  of  generalities,  that  the  first 
of  the  above  theoretical  conclusions  is  confirmed  by  the  data.  There  are  two  principal 
frequencies  of  response.  Secondly,  the  experimental  response  frequency  has  a  slightly 
increasing  trend  with  Mach  number  as  opposed  to  the  theoretical  prediction.  Thirdly, 
the  lower  mode  becomes  less  predominant  with  increasing  Mach  number  arid  the  second 
mode  amplitude  response  increases  with  Mach  number,  however  the  increase  is  very 
much  more  predominant  than  predicted  by  the  theory. 

Thus,  the  predicted  general  trends  are  found  to  occur.  Now  consider  the  numerical 
agreement  between  theory  and  experiment  insofar  as  response  frequencies  are  concerned. 
Figure  39  gives  a  comparison  of  calculated  and  measured  frequencies  for  the  1/2"  X  1  " 
X  I  "  cavity  throughout  the  subsonic  Mach  number  range.  In  general  the  agreement  is 
rather  good,  particularly  in  the  first  mode.  As  a  matter  of  fact,  numerical  agreement 
between  theory  and  experiment  in  the  2nd.  mode  is  also  quite  good  up  to  about  0.7 
Mach  number,  although  there  appears  to  be  a  divergence  between  the  observed  and 
calculated  trends. 

All  factors  considered,  it  is  felt  that  the  general  and  numerical  aspects  of  the  com¬ 
parisons  of  Figure  39  support  the  hypothesis  of  a  resonant  response  of  the  short  cavity  in 

its  depth  modes. 


WADD  TR  61-75 


78 


Now  consider  the  situation  with  a  longer  cavity.  Figure  40  gives  a  comparison 
between  calculated  and  experimental  response  frequencies  for  the  1 .5"  length  X  I" 
width  X  1 "  depth  cavity  at  subsonic  Mach  numbers.  Unlike  Figure  39,  this  does  not 
give  a  depiction  of  all  experimentally-observed  frequencies  for  it  is  apparent  from 
Figure  12  that  there  are  frequencies  in  the  response  of  this  cavity  which  are  not  repre¬ 
sentative  of  depth  modes.  The  intent  here  is  to  show  that  the  simplified  theory  does 
account  adequately  for  a  part  of  the  total  response.  This  is  evident  from  Figure  12, 
which  indicates  that  the  theory  accounts  reasonably  well  for  most  of  the  response  fre¬ 
quencies. 

A  pertinent  analytical  result  can  now  be  considered;  that  is,  the  effect  of  cavity 
length  on  frequency  of  the  depth  modes.  For  the  present  this  will  be  confined  to  the  sub¬ 
sonic  flow  regime.  Figure  41  gives  the  calculated  variation  of  frequency  of  the  first  two 
modes  of  the  cavities  used  in  the  exploratory  tests,  as  cavity  length  is  increased.  A  Mach 
number  of  0.6  is  considered.  As  a  matter  of  interest  the  experimental  frequencies  from 
Figure  12  are  included  for  comparison  with  theory  at  0.6  Mach  number. 

It  is  observed  that  the  first-mode  frequency  decreases  with  cavity  length  throughout 
the  range  of  lengths  considered,  and  this  is  verified  by  experimental  results.  Theoretical 
results  for  the  second  mode  show  the  same  trend. 

b.  Amplitude  Response: 

• 

Equation  (61)  derives  the  amplitude  response  in  terms  of  amplification  of  pressure  in 
the  cavity.  This  approach  was  followed  in  order  to  obtain  results  that  are  independent 
of  the  input  itself,  the  premise  being  that  this  yields  a  more  general  theory.  Such  an 
approach  is  analogous  to  the  derivation  of  the  transfer  function,  or  impedance  of  a 
mechanical  system  which  can  then  be  considered  for  any  arbitrary  input. 

In  r'ne  present  case,  however,  difficulty  arises  in  definition  of  the  input.  The 
boundary  layer  noise  existing  in  the  flow  could  conceivably  be  viewed  as  the  input. 

On  the  other  hand,  any  instability  of  the  separated  boundary  layer  which  results  in 
time-variant  displacements  of  the  separated  layer  may  well  constitute  a  velocity  input. 

In  the  practical  case,  much  more  convenience  is  associated  with  assessing  the  boundary- 
layer  noise  than  the  fluctuating  boundary- layer  displacements.  For  that  reason  it  was 
decided  to  explore  first  the  possibility  of  obtaining  satisfactory  results  using  boundary- 
layer  noise  as  the  forcing  Function. 

In  order  to  make  the  comparison  of  calculated  and  measured  amplifications  it  will 
be  necessary  to  reduce  the  theoretical  and  experimental  results  to  a  common  basis  of 
analysis.  Because  the  input  is  random,  the  experimental  response  levels  represent  the 
output  as  integrated  by  the  cavity  over  its  resonant  bandwidth,  and  the  input  level  rep¬ 
resents  integration  of  a  random  signal  over  the  frequency  limits  of  the  appropriate 
1/3-octave  filter.  Theoretical  results,  on  the  other  hand,  are  calculated  in  terms  of 
response  to  sinusoidal  input  of  variable  frequency;  as  such  they  are  the  spectrum  level 
of  response. 
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For  purposes  of  comparison  let  the  amplification  p/pQ  be  defined  as: 
p/p0  ~  P^/Pspect. 

where 

pspect  's  5Pectrum  'eve*  boundary- layer  noise.  is  the  response  as 

integrated  over  the  theoretical  half-power  limits  of  the  frequency  response  characteristic. 


Let  it  further  be  assumed  that  the  1/3-octave  response  level  for  the  output  is  entirely 
composed  ofP  ^f/  having  no  contributions  from  frequencies  outside  these  limits.  The 
theoretical  results  can  then  be  put  on  a  comparable  basis  with  experimental  results  and 
plotted.  Figure  42  gives  such  a  plot  for  the  first  and  second  modes  of  the  1/2"  X  1"  X 
1"  cavity,  where  the  amplifications  shown  are  (1/3  octave)/pSpecf)  • 

The  indications  of  this  figure  are  quite  encouraging.  For  both  the  first  mode  and  the 
second  mode  the  agreement  between  theory  and  experiment  is  quite  good.  Actually, 
it  would  appear  that  the  implications  of  this  agreement  are  of  more  consequence  than  the 
agreement  itself,  for  the  use  of  boundary-layer  noise  as  the  forcing  function  seems  to  be 
a  realistic  and  satisfactory  practice.  As  mentioned  above,  this  will  permit  much  better 
utilization  of  the  results  since  both  the  characteristic  spectrum  and  intensity  variations 
of  boundary-layer  noise  are  now  fairly  well  catalogued  In  the  literature, 

It  should  be  noted  that  because  the  simplified  theory  considers  only  depth  modes, 
the  streamwise  distribution  of  pressure  within  the  cavity  is  constant.  Tnat  is,  the  pressure 
al  any  point  on  the  cavity  floor  is  theoretically  the  same.  Of  course,  pressure  will  vary 
on  all  vertical  surfaces,  with  a  maximum  occurring  at  the  bottom  of  the  cavity  and  a 
minimum  at  the  top. 

2.  SUPERSONIC 
a.  Frequency 

Figure  43  gives  a  comparison  of  experimental  response-frequencies  with  calculated 
frequencies  for  the  2”  length  X  2"  width  X  2.5"  depth  cavity  at  Mach  numbers  from  1.75 
to  5.0.  Consider  first  the  theoretical  results.  Four  modes  were  found  to  exist  at  fre¬ 
quencies  below  10  kc  in  most  cases.  These  are  non-harmonic.  Unlike  the  results  at 
subsonic  Mach  numbers,  the  frequency  of  a  given  mode  does  not  vary  appreciably  with 
Mach  number. 

The  data  points  indicated  by  squares  are  seen  to  follow  the  theory  cur/es  very 
closely.  Several  interesting  points  arise  in  this  regard.  For  example,  the  theory  pre¬ 
dicts  the  first  mode  to  occur  in  the  vicinity  of  1800  to  2000  cps,  but  no  resonant  res¬ 
ponse  was  observed  at  this  mode.  The  reason  apparently  lies  in  the  amplification; 
although  the  theory  indicates  the  presence  of  the  mode,  it  also  indicates  extremely 
small  amplifications.  The  calculated  amplification  was  only  of  the  order  of  0.5db  as  a 
maximum.  In  view  of  this,  it  is  not  surprising  that  the  experimental  response  spectra  do 
not  show  such  a  resonance. 
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It  is  interesting  to  note  also  that  for  this  cavity  not  only  are  all  depth  modes  pre¬ 
dicted  accurately  by  the  theory,  but  these  are  the  only  responses  which  appear  in  the 
measured  spectrum.  Thus  the  theory  adequately  predicts  the  entire  frequency  response 
of  this  cavity  at  all  Mach  numbers. 

b.  Amplitude  Response 

Figure  44  indicates  the  measured  and  calculated  amplitude  response  of  the  2"  length 
X  2"  width  X  2.5"  depth  cavity  at  all  Mach  numbers  tested.  In  general,  the  calculated 
spectrum  of  amplification  shows  agreement  with  the  experimental  spectrum  in  its  fre¬ 
quencies,  as  was  indicated  by  Figure  43,  but  the  agreement  in  amplification  is  rather 
poor  except  for  the  Mach  3  case.  In  this  case  the  amplifications  .are  in  fair  agreement 
for  the  1st  and  3rd  modes.  The  experimental  amplification  of  the  2nd  mode  is  much 
higher  than  calculated,  but  judging  from  the  sharpness  of  the  response  curve,  a  part  of 
this  may  be  due  to  the  filter  bandwidth  used  in  analysis.  The  spectrum  shape  is  indicated 
correctly  only  if  the  width  of  the  resonant  peak  is  large  relative  to  the  bandwidth  of  the 
filter  used  in  analysis  (50  cps).  This  does  not  appear  to  hold  for  the  second  mode,  hence 
the  filter  output  may  be  taken  as  indicative  of  the  response  integrated  over  its  own  band¬ 
width. 

Further  comparison  of  theory  and  experiment  is  afforded  by  Figure  45,  which  con¬ 
siders  shorter  cavities  at  a  Mach  number  of  2.0.  Cavities  of  1"  length  and  0.5"  length 
are  considered  for  a  constant  width  of  2"  and  depth  1".  In  both  of  these  cases  the 
agreement  is  considered  to  be  rather  good,  particularly  for  the  1"  length. 

The  results  of  Figures  44  and  45  tend  to  add  further  confirmation  to  the  conclusion 
that  the  simplified  theory  is  adequate  only  for  cases  wherein  length/depth  is  less  than 
unity. 


B.  LONG  CAVITIES 

e 

The  experimental  evidence  presented  herein  indicates  that  in  cavities  of  length- 
to-depth  ratios  greater  than  approximately  one,  there  is  significant  response  of  the 
cavity  in  its  length  modes.  Tnere  may  also  be  excitation  of  depth  modes,  as  was  shown 
to  be  the  case  at  L X/Lz  =  1 .5  in  the  exploratory  tests,  but  predominance  of  the  length 
modes  is  to  be  expected. 

Consider  the  cavity  of  8"  length,  2"  width,  and  3.5"  depth.  Figure  46  gives  a 
comparison  of  the  calculated  and  measured  sound-pressure  spectra  at  a  point  on  the 
bottom  of  the  cavity  0.5  inches  from  the  leading  edge  at  a  Mach  number  of  2.0.  The 
theoretical  spectrum  is  calculated  from  Eq.  (58).  In  order  to  obtain  absolute  values 
for  the  calculated  pressure  spectrum,  it  is  necessary  to  obtain  either  a  theoretical  or  an 
empirical  value  of  source  strength  A.  In  the  present  case  A  was  evaluated  empirically 
as  follows: 


At  distances  r  >>  X.  from  the  source,  the  sound  pressure  can  be  written  as 


Pnss  -i-wAs, 
P  bur 


•  iojt 


rms* 


hnrf? 
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The  spectrum  of  pressure  response  at  the  point  of  interest  in  the  cavity  was 
observed  at  a  high  frequency  (6000  cps),  which  was  off  resonance.  At  such  a 
frequency  the  requirement  tnat  r>>  X  is  at  least  approximated,  since  X  = 
2.2  inches  and  (r)  avg.  =  5.2  inches,  assuming  the  source  to  be  located  at 
random  in  the  plane  of  the  cavity  opening.  From  the  spectrum  -  level  pressure  at 
6000  cps  and  the  average  r ,  the  source  strength  was  computed  as  A^qq  = 

46-8  cm^/Sec.  " 

To  be  useful,  the  spectrum  of  source  strength  must  be  determined.  In  view  of  the 
relatively  flat  slope  of  the  turbulence  spectrum  shown  in  Figure  14  it  was  hypothesized 
that 


A  (  w  )  =  constant  =  46.8 


for  the  case  under  consideration;  i.e.,  a  constant-velocity  source  is  assumed.. 

Within  the  limitations  of  the  assumptions  made  regardfhg  source  strength  and 
characteristics.  Figure  46  indicates  reasonably  good  agreement  between  calculated  and 
measured  spectra  •  While  there  are  some  appreciable  differences  between  theoretical 
and  experimental  amplitudes,  it  seems  clear  that  the  phenomenon  of  cavity  response  is 
correctly  defined  by  the  theory. 

Some  further  insight  into  the  phenomena  is  afforded  by  the  tabulation  below, 
whicli  compares  calculated  and  measured  resonant  frequencies  and  identifies  the  nature 
of  each  by  its  modal  description 

RESONANT  FREQUENCIES,  8"  L  X  2"  W  X  3-5"  D 
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Ao  interesting  point  arises  in  connection  with  the  first  two  calculated  frequencies. 
Theoretically,  two  resonances  should  occur,  at  600  cps  and  at  800  cps.  In  this  case 
only  one  resonance  is  Indicated.  However,  Figure  27  shows  that  In  many  cases  the 
analyses  are  made  with  sufficient  definition  (50  cps)  to  distinguish  between  the  two 
modes  In  the  way  of  a  double-peaked  curve. 

Figure  47  gives  a  similar  comparison  of  theory  and  experiment  for  a  4"  length  X  2" 
width  X  2.5"  depth  configuration.  In  this  case,  the  resonant  frequencies  may  be  iden¬ 
tified  as  follows: 


RESONANT  FREQUENCIES,  4"  L  X  2"  W  X  2.5"  D 
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The  comparison  of  theoretical  and  experimental  response  spectra  given  in  Figure  47 
indicates  reasonably  good  agreement  for  the  lower-order  modes.  At  the  higher  modes  the 
theoretical  spectrum  tends  to  overemphasize  the  response.  In  this  regard,  it  should  be 
noted  again  that  the  theoretical  spectrum  shape  is  directly  related  to  the  assumed  spectral 
distribution  of  A  ,  and  the  absolute  pressure  levels  are  directly  related  to  the  magnitude 
taken  for  A.  Obviously  the  evaluation  of  A  from  the  sound  pressure  on  the  cavity  bottom 
will  over  estimate  source  strength  by  virtue  of  the  reverberant  characteristics  of  the  en¬ 
closure,  which  reinforces  the  pressure  above  the  assumed  free-space  ievel. 

Further  uncertainty  exists  in  the  hypothesized  spectral  envelope  of  A.  As  discussed 
previously,  the  calculations  depicted  in  Figure  46  and  47  are  based  on  a  source  strength 
which  is  independent  of  frequency,  since  the  spectrum  of  turbulence  was  found  to  approx¬ 
imate  this  condition. 

On  the  other  hand,  the  envelope  of  sound  pressure  measured  in  the  boundary  layer 
follows  more  nearly  a  1/w  type  of  variation.  Thus  the  assumption  that  A  («)  «  ] /« 
may  well  be  a  better  approximation  to  the  actual  conditions.  Certainly  this  would  yield 
a  more  representative  response  envelope  as  fudged  from  the  measured  envelopes. 

A  further  point  regarding  the  higher-order  modes  is  that  appreciable  air  dissipation 
will  increase  the  damping  at  the  Frequencies  involved  here.  Since  this  is  not  accounted 
for  theoretically,  some  overestimation  of  the  higher  order  modes  is  probably  to  be  ex¬ 
pected. 
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FIGURE  38.  EXPLORATORY  RESPONSE  SPECTRA  OF  A  1/2"  LENGTH  X  I  "  WIDTH  X  I  "  DEPTH  CAVITY  IN  SUBSONIC  FLOW 
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FIG.  38.  (Contd.) 
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FIGURE  39.  COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL 
RESPONSE  FREQUENCIES  FOR  SHORT  CAVITY 

Length  =  0.5" 

Width  =  1.0" 

Depth  r  1.0" 
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FI3URE  40.  COMPARISON  OF  THEORETICAL  AND  EXPERIMENT* 
RESPONSE  FREQUENCIES 

Length  s  1.5" 

Depth  =  1.0" 

Width  =  1.0" 
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FIGURE  41.  THEORETICAL  EFFECT  OF  CAVITY  LENGTH 
ON  FREQUENCY  OF  DEPTH  MODES 

Width  =  1 .0" 

Depth  a  1 .0" 
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FIGURE  43.  COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL 
RESPONSE  FREQUENCY  FOR  A  2"  LENGTH  X  2"  WIDTH 
X  2.5"  DEPTH  CAVITY  AT  SUPERSONIC  MACH  NUMBER. 
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FIGURE  44.  COMPARISON  OF  CALCULATED  AND 
MEASURED  RESPONSE  SPECTRA 
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FIGURE  45.  FURTHER  COMPARISON  OF  CALCULATED  AND 
MEASURED  RESPONSE  SPECTRA 
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FIGURE  47.  COMPARISON  OF  CALCULATED  AND  MEASURED  RESPON 


Vli  -  CONCLUSIONS 

The  analytical  and  experimental  investigation  reported  herein  indicates  the  follow¬ 
ing  conclusions: 

1 .  The  acoustic  response  of  cavities  in  either  subsonic  or  supersonic  airflow  com¬ 

prises  dual  phenomena  involving 

a.  A  randot,i  frequency  buffet  response 

b.  A  discrete-frequency  resonant  response 

2.  For  short  cavities  the  total  response  is  primarily  resonant;  for  long  cavities  the 
buffet  and  resonant  responses  are  of  equal  importance. 

3.  The  resonant  response  can  be  categorized  as  almost  entirely  the  depth  mode 
for  cavities  of  length-to-depth  ratio  of  one  or  less,  and  predominately  the 
lengthwise  modes  for  cavities  wherein  length  is  2  to  3  times  depth. 

4.  Classical  theory,  developed  herein  to  account  for  the  effects  of  a  moving 
medium  adjoining  the  cavity  opening,  is  found  to  provide  excellent  definition 
of  the  response  frequencies  ana  fair  definition  of  tne  amplitude  response  for 
both  subsonic  and  supersonic  regimes. 

5.  On  the  basis  of  results  presented,  it  appears  that  the  spectrum  of  boundary- 
layer  noise  may  be  taken  as  the  forcing  function  in  calculating  response. 

6.  The  theory  can  be  simplified  in  *he  form  of  a  design  approach  that  will  permit 
fairly  rapid  assessment  of  the  approximate  response  of  a  given  cavity,  as  given 
in  the  following  section. 
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VIII.  DESIGN  SUMMARY 


The  following  is  in  the  nature  of  a  summary  intended  to  enable  a  designer  to 
assess  the  frequencies  and  dynamic  pressure  loading  to  be  expected  on  the 
structural  surface  of  a  given  cavity. 

A.  CAVITY  LENGTH/DEPTH<1.0 

Both  the  amplification  factor  and  the  resonant  frequencies  are  obtained  from 
Eq.  (62)  below. 

Pp/P0  -  [[*  sin(YbzAx)]2*  [x  sin(YL/L)  .  cob^L/I^)]  2j"?  (62 

where: 

f  is  frequency  in  cps. 

L  is  streamwise  cavity  length 
L  is  cavity  depth 

R  is  the  radiation  resistance,  given  in  Figure  48  for  both  subsonic 
and  supersonic  cases  at  width/length  ratios  for  .125  to  2.0. 

X  is  the  radiation  reactance,  given  in  Figure  48  for  the  same  Mach 
numbers  and  width/length  ratios. 

B.  CAVITY  LENGTH/DEPTH  >1.0 

In  these  cases  the  length  modes  are  predominant,  and  it  is  necessary  to  employ 
the  more  general  theory.  Frequencies  may  be  determined  from  the  characteristic 
frequency  equation 


where  g , 


l,  +  iri 

'll  T 


On  the  basis  of  experimental  evidence,  the  transverse  modes  are  not  normally  excited, 
thus  the  resonant  frequencies  may  be  reasonably  approximated  by 

r* .  s?  r 51 51 1  . 1?  b] 2.  g \  (%)  *_  ?:Vfel  (  64 > 


Because  of  the  frequency  dependent  nature  of  g  ,  determination  of  f  becomes  an 
iterative  process,  as  outlined  by  the  following  steps. 

(1)  It  may  be  helpful  in  initiating  this  process  to  take  the  first  approximation  of 
frequency  as  that  for  a  closed  cavity,  that  is 


o  „2  In 

r  2  c  x 

“  r  k 


(65) 


(2)  Enter  the  impedance  rabies  of  Appendix  B  or  C  and  determine  values  of  R  and  X. 
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(3)  Calculate  the  constants  a  and  b  as  follows: 

2W  u  w 


0(^4-  A*) 


2fNL  R 

c7?77) 


(66) 


(4)  Take  the  values  of  a  and  b  calculated  in  step  3  and  using  figure  49  read  the 
values  of  K  and  n  for  the  desired  mode.  If  the  value  of  b  is  negative,  treat 
it  as  positive  in  determining  ^  and  but  record  as  a  negative  number.  In 
other  words,  r)  always  carries  the  sign  of  b. 

(5)  With  the  values  of  4  and  ri  from  step  4  a  second  approximation  of  natural 

r  r  Hi  i  n  •  ■  r  1 1  _  /  i  .  •  i  _•  \ 


frequency,  f 


can  be  calculated  as  follows  (neglecting  damping): 

9  9 


Examine  f^  incomparison  with  the  first  approximation  of  f.  If  -  f  is  positive, 
choosea  higher  value  of  I;  and  if  negative, a  lower  value  of  f,and  go  back  to  step  2. 
When  a  change  of  sign  of  f  -  f  is  obtained,  these  points  should  be  plotted  as  a 
curve  of  f^  -  f  vs.  f.  This  method  will  give  the  approximate  intercept  on  the 
f-axis.  More  iterations  can  be  made  for  higher  accuracy. 

It  should  be  pointed  out  that  in  this  process,  certain  values  of  a  and  b  in  an 
iterative  sequence  may  cause  the  values  of  K  and  q  to  cross  a  dotted  mode 
line  in  figure  49,  thus  apparently  denoting  a  change  of  mode.  When  this  occurs, 
the  apparent  mode  change  may  bo  disregarded  and  continuity  of  the  iteration 
maintained. 


It  is  also  observed  tliat  some  modes  may  have  a  resonant  frequency  in  the  vicinity 
of  the  crossover  point,  where  radiation  resistance  changes  from  negative  to 
positive.  In  such  cases  two  distinct  resonances  may  be  calculated. 

(7)  Once  correct  values  of  f  ,  t  and  have  been  determined  the  resonant  response 
for  the  mode  in  question  can  be  calculated  from  the  following  equations. 


PN  -  2°  l°gl0 


(68) 


_  i8afNLzA(x»y»z'  )gnVX»y,a)  Vx*y»z' ) 

PpN  LxVnx[sinh(2n«n)  + 

The  coordinates  (x,  y,  z)  are  the  location  of  the  point  in  the  cavity  where  sound 
pressure  is  desired  and  (x1,  y',  z')  is  the  location  of  the  sound  source  of  strength 

A(x',  y’,  *'). 

The  above  calculations  should  be  made  for  all  combinations  of  and  n.  It  is 
recommended  that  range  from  0  to  6  and  n  be  0,  1,  and  2. 
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SAMPLE  CALCULATION 


DATA: 


n  ■  2>  n 

X  z 


1,  n  s  0,  L  =  8.",  L  =  2. ",  L  =  3.5" 
x  y  z 

3.5" 


c  =  13,900.  IN/SEC,  x  *  .5",  x’  =  0,  z  =  0,  z' 

A(x',  z')  =  3,  cr  =  1.065  X  10"8  LB-SEC2/IN4 

Going  through  the  steps  outlined  at  the  beginning  of  the  section,  the  following 
results  are  obtained. 

(1)  Using  Eg.  (65),  the  first  approximation  to  frequency  f^  is,  f^  =  2650  cps. 

(2)  Using  the  above  frequency  of  2650  cps,  values  of  impedance  from  Appendix  C 


arc: 


R  =  -.846 


X  =  .564 


(3)  Impedance  and  frequency  from  steps  (1)  and  (2)  yield  the  constants: 

a  =  .73  b  =  1.10 

(4)  From  Figure  49  the  values  of  £  and  r)  for  n  =  0  are: 

«o  =  *14  n  "  %  =  -56 

(5)  The  second  approximation  to  natural  frequency,  using  the  values  of  step  (4),  is 

f  0  =  2045  cps 
N2 

(6)  Compare  f  of  step  (5)  with  f^  of  step  (1). 


fN2  "  fNl 


-605  cps 


The  result  is  negative,  therefore  choose  a  lower  value  of  f^,  say  fKn  =  2150  cps. 


to  insert  into  step  (2) . 


N3 


After  calculation  of  steps  (2)  -  (5),  a  natural  frequency,  f^  =  2070  cps  is  found. 
Comparison  with  f  ...  gives  a  value  of  -  80  cps  so  that  smaller  value  of  f  must  be  chosen. 
Choosing  f^,-  =  z000  cps  yields  a  value  of  f^  =  2070  cps.  '  ' 

For  the  final  iteration  use  a  value  of  f  in  step  (2)  of  2070  cps.  This  results  in  a 
value  of  f  =  2070  cps  in  step  (5).  Therefore  the  correct  value  of  f.  .  is  2070  cps. 


The  correct*  values  of  K  and  n  are  -r,  z  .16, 

o  o  o 

(7)  Using  the  input  constants  and  the  above  valutj  of  f 

level  in  the  cavity  may  be  calculated. 

The  value  of  p  from  Eq.  68  is 


.59. 


N' 


V  rU' 

n  n 


’N 

sound  pressure 


3n  : 


'  N 

=  14.35  X  10 


94  db 


-5 


psi 


In  order  to  compare  with  the  value  of  $PL  from  figure  46,  a  value  of  17  db  must  be 
added  to  account  for  the  50  cps  bandwidth  used  for  presenting  SPL  in  figure  46.  This 
gives  a  value  of  p^  of  111  db  which  is  approximately  the  same  as  found  with  the  more 
complicated  machine  calculation. 
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FIGURE  48,  (Con t-d.) 
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FI  GURE  48 .  (Contd .)  Ly/L 
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APPENDIX  A 


HELMHOLTZ  RESONATORS 


The  Helmholtz  resonator  configuration  may  be  regarded  analytically  as  an  extension 
of  the  simplified  short-cavity  case.  As  with  the  short-cavity  case,  it  is  assumed  that  a 
weightless  air  piston  vibrates  as  a  rigid  body  in  the  mouth  of  the  resonator.  The  impe¬ 
dance' as  viewed  from  the  mouth  of  the  resonator  is  then 

ZT  =  ZR  +  ZH 

where  is  the  total  impedance  and 

ZR  =  R  +  iX 


the  radiation  impedance  as  given  by  Eqs.  (  32  )  and  (  33  )  for  a  subsonic  medium  and  by 
Eqs,  (  46  )  and  (  47  )  for  a  supersonic  medium.  Zh,  the  impedance  of  the  Helmholtz 
cavity,  comprises  the  inductive  reactance  of  the  air  piston  in  the  mouth  and  the  capa¬ 
citive  reactance  of  the  volume  of  the  resonator.  It  can  be  written  as 


=  “i  »  (-~)  +  i 


Combination  of  this  equation  with  Fq,  (  47  )  gives  the  total  reactive  impedance  of  the 

Helmholtz  configuration  and  yields  the  resonant  frequency  when  X  =  X.  . 

C  L 


The  amplification  ot  a  Helmholtz  resonator  is  shown  in  Reference  9  to  be,  at 
resonance, 

-  20  Log^Q  (• - — —  )  where  R  is  radiation  resistance 

P0  Wn'/R  V  is  resonator  volume 

wn  is  resonant  frequency 

Figure  50  gives  a  plot  of  the  calculated  resonant  frequency  of  the  resonator  shown  in 
the  inset. 

Amplification  calculations  for  this  resonator  indicated  that  an  appreciable  attenua¬ 
tion,  rather  than  amplification,  should  occur.  This  configuration  was  tested  at  all 
Mach  numbers  of  the  AEDC  test  program,  but  in  no  case  was  the  response  of  sufficient 
magnitude  to  be  observed  over  the  buffet  or  microphone  self-noise  .  This  result  may 
be  construed  as  evidence  of  very  low  response. 
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Width  »  4" 


FIGURE  50.  CALCULATED  FREQUENCY  RESPONSE 
OF  TEST  RESONATOR 
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APPENDIX  a 

SUBSONIC  RADIATION  IMPEDANCE 
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1.0176 

_ 1 .0  ir.w 

1 .0191 
__  1  .0197 
1.0201 
1.0206 
1.0205 
1 . 0203 
1.0197 
1.0186 
1 . 0  166 
I .0139 

1  .V111 
1.0080 
1.0051 
UUQ2S 
1.0003 
_ 0.9986 

o.Vvoa 
0.9953 
V'.  793b 

_ C  .-9722 

**  6’.  V90S 


0.5QI4 _ 

0.5290 

0. 5428 _ 

0.bb12 

-ms — 
mi-— 

0.5630 
0,5325  ~ 

0.5197 
0 • 505  1 

0.6093  _ 

0.6726 

0.4552 

0.4307 

0.4166 _ 

0.3954 

C.3723  _ 

0 . 3481 
0.3234 
6.2909 

__0 .2/47 _ 

0.2544 

_0.23S2 

0.2160 

_  0.2025 
6 . IBB  1 

_0_.  1  744  _ 

0 .1612 
0.1483 
0.1361 
0^  1  249 
0.1  149 
0.1064 
U.Q9V6 
0.0943 
0.0903 
0.0874 
0.0856 

0.0847 _ 

0.0848 

0.0858 

0.08/8 

0.0904 

0.0735 

_ 0.0967 _ 

O.OV9T 

0.1023 

0.106b 

0.1063 

0.1080  — 

0.1099 

0.1121 

0.1147 

7)717/5 
0^  1 202 
0.1220 
0.1242 
0. 1250 

0. 124B _ 

0.123/ 

_  0^)221 _ 

0.1199 
0.  1175 
0.1150 

0.1122 _ 

0. 1093 

0.1061 

0.1027 

0.0991 

0.0954 

0.0910  _ 

0.0883' 

0.004? 

0.0015 

0.0781 

0.0745 

707 _ 

0.0668 

0.0629 

0.0593 

0.0562 

0.0537 

Q .0520 _ 

0.0509 
0.0504 
6.0502 
Q.ObQl 
O.ySOO 
0.0499  _ 
0.0698' 
0.0497 
0.0499 
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'VSffi: 


MACH  NUMBER  0.20 

WIDTH  TO  LENGTH  RATIO  J.5'K)P_ 


0.4055 

'fl:5S8E" 

0*6419 
o.T4TT“ 
0.8252 
O.U925 
:0.94b  3 
~0'.VU5  7 
I,0159_ 

1  .OTTO  ~ 

1.0498 

1.0549 

1.0532 

1,0400 

1.0351 

1,0225" 

1 .0105 
0 , 999/  " 
0.9915 
~  (7.9853 
0.9804 
0  .976  1  ‘ 
0.9/16 

0.966V 

0.96211 
0.9600 
0,9598 
0.9626 
0 .9600 
o.vr/6 
0.9BM0 
0.9V05 


— m- 

_ SUUJfiU 

0.^306 
_ iiirn 


18.50 

19.  CO 

19. 50 
20.00 

20.  iO 

) .00 /H 

1 .0150 
1.0195 
1.0216 
1.0215 

0.1331 

0. 1264 

0.  1  146 
0. 1046 
0.0953 

1.000  3 
0. V9M4 
0.9966 
0.995/ 
0.9961. 

2T.no 

1  .  U  1 VII 

O.  fl‘6V 

O.  'if  i  j 

21.50 

1.1)  1/(1 

11.  ('  /Vll 

0.999/ 

22.00 

1.01 $4 

0.0/ $7 

1.0018 

22.50 

1 .0091 

0.06011 

1.0036 

23.00 

1  .00*1 4 

•).  Cft'»  1 

I.UC.\. 

2  3.50 

0.9994 

0.1'OZ/ 

1.00  12 

24.00 

1 .994 4 

O.  Oft  111 

II.  9911  , 

24.50 

0.9UVH 

O.C624 

0,995  i 

25.00 

0.9116  3 

0.064  3 

0.9933 

25.50 

<  .  i 

O.L6/li 

0. V 92  5 

26.00 

O.vu  34 

U. 0/0 1 

0.  V  V 5 5 

26.50 

0.9H42 

0.(  l?b 

0.9960 

2/. 00 

f>  .91160 

i).(  / 4  / 

0. 999  i 

2f.  50 

0.9084 

('.(•/ 16 

:.oo2  / 

29.00 

0.9708 

O.L/54 

1.085  » 

2-1.50 

0.992/ 

O.l  /'.  / 

1  .  0004 

29.00 

0.9942 

ii.ls/J/ 

1. 0*195 

29.50 

U. 9953 

0. 072H 

1.00  31 

30.00 

0.9964 

0.0/22 

0.9997 

50.50 

0.9V// 

u  .0/1 9 

0 • 9966 

n.<nr 

”  D. vOOft 

n .  o  n  •. 

0.994  1 

31.50 

1 . 00  2  1 

O.0/G7 

0. 9V 29 

32.00 

1.0049 

0.0690 

0.9V53 

32.50 

1.00/6 

0.0664 

(j.VVU  V 

33.00 

I.O09O 

9. 0629 

O.VV/4 

35.50 

1 ,010b 

0.  C5l*6 

1.0001 

PTTOo 

1.0 1« 7 

U, 044? 

1.0024 

34.50 

1.O0V4 

0.0401 

1.0039 

35.00 

1 . 00  /  3 

0.046/ 

1 . 004  4 

35.50 

1,0045 

O.T442 

l.  0046 

36.00 

1.0015 

0.  I'.426 

1.002 / 

36.50 

0.9986 

0.0420 

1.001C 

- 577W 

oTTiTr 

0.999,: 

3/. 50 

0 . 9937 

0 .042/ 

0. 9975 

38.00 

0.9919 

0.043/ 

0.996 j 

30.50 

0.9905 

0.0451 

0.9V5u 

39.00 

0 . 9  H  V  / 

0.0469 

0.995 / 

39.50 

U.9H94 

0, 04 HH 

0.9964 

40. 50 
4  l.OU 
4  1.50 
42.00 

42.50 
’  43.00 

43.50 

44.66 

44.50 
45.00 

45.50 

Li.  00 

46.50 
UTTOO 
4/. 50 
48.00 

40.50 

49. 66 

49.50 
"‘50.00 


0.052/ 
0.05«.r 
0.054  h 
0.0547 
0. 0556 

O.C495 
0.04/1 
O. 0449 
0.  04  <0 
O.  »'4  15 
O.fi.06 
0.  ii  W4 
o.njib 

n.cj/4 

0.0  16  5 

■i.i.Jil 

n. (  i4  1 

0.C1S4 

o. oi$; 


MACH  NUKBCR  0.20 

VQftTH  TO.  LENGTH  RATIO  ..UOOOo 


0.2334 

0.4346 

0.5702 

0.6512 

_ 

0.60U3 

0.5103 

0.40/2 

0,3111 

0.2350 

0,1845  _ 

0 . l5d  r 

0.1497 

0,1520 

0.1500 

0.1629 

JLJAIt.w. 

0.  1613 
0.1547 
0.1454 
0.134/ 
0.1234 
U. 1124 _ 

o.Tozr  " 

0.094/ 

U . 089 l 
0.0660 
0.0669 

_ 0.0853 _ 

~  0.0861 
0.0664 
0.0856 
0.0835 
0.0/96 
_ 0.0752 

o  ,'oTuo 
0.06/2 
0.0646 
0.0650 
0.0638 
_<M)642 
0.0642 
0.0651 
0.060/ 
0.05/3 
0.05>j 
0.0501 
0.0  4  MO 
0.U4  tO 
O.UUdll 

0.U5  lU 
0.0553 
0.054/ 

0  •  0‘»4  / 
0.052C 
0.04 94 
0.04  5  I 

0.4609 
0.05/6 
0,015V 
0,055  V 
0,03/3  ' 
0.0195 
0.04  19 
0.043b 
0.0445 
0.04 40 
6.0424 
0,0399 
0.0  372 

0.0546 
0.0  324 

_ 0.0  3  1  1 

6.0305 
0.030/ 
0.03  Hi 
0.0326 
0.033b 
0.0350 
0.05  V? 
0.035/ 

U  ,  0  $  ->  0 
0.033b 
0.0316 
0.0294 
0.02/4 
0. 0260 
0.0253 
0.0256 
0.026/ 
0.02H l_ 
0.029*5 
0.0  104 
0.0306 
C.030U 
0.028/ 

_ 1 1  •  0  2  /  o 

0 . 0254  " 

0.0242 

0.0236 


MACH  NOMBfcK  0*20 

WIDTH  TO  LENGTH  RATIO  2.0000 


AtiUTAHCb 


0,^861 

0,bS07 

o;»wr 

0,8975 

0.9064 

0.9952 

1.0121 

1.0261 

1.0312 

l.o222 

I, 0038 
0.V8/6 
0.9820 
0,9860 
0,991  3 
0.9912 
U.9FS5? 
0.9792 

II. 979  3 
0.9867 
0,99/7 
1.0060 
1.0110* 
1.0110 

1 . 0094 
l.uO/6 
1.005 1 
1.0005 
0. V939 
0, VO/5 
0.9844 
0. VB6b 
0. V926 
0. 9992 
1 .0034 
1 . 0045 
1.0038 
1.0032 
1 .0034 
1.0034 
1.0022 
0. 9990 
0. 9973 
0.9961 
o .  *‘/oo 
0.99/6 
0. 97/9 
0. 99/0 
0  .  V  95  V 
U.  996  1 
0.9/82 
I  ,  1/014 
I  .  6  04  2 
i  •  u(J5  1 

I.UU4  2 

I  .  OU24 
1 . 000  t 
0. V993 
0.998  I 
0.996/ 
0.9953 
0*  994  9 
0. 996  1 
0.9VH6 
1.0013 
1.U020 
1.0028 
I .  (.fll  V 

1.001c 
1.0006 
1 ,UOO/ 

1 .0005 
ij.vVVU 
0.9 908 
0.9980 
0.9980 
0.99H& 
0.9V09 
U.vVOV 
0.998/ 
U • VVMV 
0.9999 
I  .00)4 
1.002/ 
1 .0030 
1.0021 
1 .0006 
0.9992 
0.9984 
0 .9981 
0.9979 
0 .9979 
0. 9900 
0.998/ 
U  .  VVVV 
1  .0012 
1.0020 
1  •  uii  !  ? 
1.0011 


BirACTAtCE 

_  3*5122  _ 

Q, 

0.6215 
0.591 1 
0,4997 
0.404Q 
0.3317 
0.2805 
0.2361 
0.1919 
0.1537 
0.1305 
0, 1237 
0. 1253 
0,1244 
0.116/ 

0. 1057 
0.0988 
0.0995 
0. 1049 
0.1090 
0.1069 
0.0988 
0.0880 
0.0784 
0.07  1  1 
0.0651 
0.05V 1 
0.0558 
O.U513 
0.0552 
0.0587 
0.0646 
0.0675 
0.0658 
0.0610 
0.0558 
0.0521 
0.0499 
0.0478 
U. 0450 
0.0419 
0.0399 
0.0397 
U.04Q8 
U.0417 
0.0413 
0.0400 
U.03V1 
0.0395 
0.04  I  1 
0.0424 
0.0420 
0.0394 
0.035/ 
0.0324 
0.0304 
0.0295 
0.0291 
0.028/ 
0.0288 
0.02VH 
0.0318 
0,033/ 
0.0345 
0.0355 
0.0312 
0.028/ 
0.02/2 
0.0266 
0.0264 
0.0259 
0,0250 
0.0242 
0.0240 
0.0244 
0.0251 
0.0253 
0.0251 
0.0248 
0.0249 
0.0254 
0.0258 
0.0254 
0.0240 
0.0219 
0.02UI 
0.0192 
0.0192 
0.0197 
0.0203 
0.0207 
0.0212 
0.0218 
0.0224 
0.0226 
0.0220 
0.0207 
0.0  192 
w.0  102 
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MACH  NUMBER 


24,50 

i» .  o  7  ii  > 

9.  /5  1  7 

1.637  1 

0. 3323 

0. 7/76 

C.0058 

23.00 

11. 60V  7 

0. ill? 

1 . U4 J, 

0.3411 

0.7/24 

0.0069 

2  3.  >0 

tl,  7  0«  7 

9.  *>30/ 

1.047; 

0. 33GO 

U.V676 

0.0087 

26.00 

0.7117 

0.5? 79 

1.0544 

0  •  3  1 V  1 

U.vM'j 

0.0914 

26.50 

L.  /??9 

0.5271 

1  .ITiVII 

U.30U5 

0.VOO2 

Q.094B 

27.00 

- 0'.'7  i  iO 

0. 97i.7i 

1.0633 

0. ?0b? 

0.9331 

0.0 966 

2  7.50 

0. 744 » 

J.  5 2 Ml 

1. 067 3 

0.2000 

6.73/1 

whii 

2d. 00 

0.7557 

0.5252 

1.0711 

0.2/70 

U.V378 

0.1069 

20.50 

0. 7665 

1.0/45 

0.2674 

0.73V 2 

0. 1 102 

29.00 

o  .  7  7  7  1 

0.5210 

1.07/5 

0.2567 

0.V61 1 

0.1127 

29.50 

i  .rutu 

0.  510  3 

1.0  79  7 

0.2462 

U • 9633 

0.1  146 

40.00 

0. 7974 

n.MV. 

1  .  Mil  3 

0.2 3S 7 

0.9654 

0. 1  159 

50.  50 

0 .MO  70 

«». 5125 

1 . Om2 1 

0.2254 

0.  76/4 

0.1170 

.  11.00' 

0 .017.3 

HTTP  9  4 

1 • On?2 

o.nv; 

0.V694 

0. t 1B2'“ 

31.50 

0.0254 

0,  5l.li  J 

l.oniv 

*  0.2060 

U.  7  7  16 

0.1193 

32.00 

0.11344 

o.50i? 

1.0015 

0.  IV  70 

0.974? 

0.1204 

52.50 

f  .1.4  37 

«•.  5001 

1 .On03 

0.  IHH4 

0,9/71 

0.1213 

<  5.00 

0  .  Ii5  1  7 

i).  4 9ft»j 

t .0792 

U. 1 000 

i'- .  vb04 

0.1218 

5  4.  50 

i:  .060  j 

4715 

1 .0777 

0.17W 

0.983V 

0.1219 

34.  OC 

'  ilTS/.90 

o.  iwoc 

1.0/60 

O.IM  1 

U.V374 

0.1215 

34.50 

0  .ii  7  7  3 

0. 4  M 44 

1 .073t 

U.  1560 

0. vvov 

0. 1208 

35.00 

C  .1)053 

i).4h7  7 

1.0714 

0.  1496 

0 . 9 V4  4 

0. 1  199 

35,50 

C  .HV3  7 

(1.  4  790 

1 .0669 

0.  1429 

0. V7U0 

0.1  187 

36.00 

0.701/ 

fi.  4  75  1 

1 .066; 

0.  1367 

1.0010 

0.1172 

36.50 

II.VOVH 

0  •  4  7  1 0 

1 .06  55 

0.1300 

1.0057 

0.1151 

- 37.00 

“079377 

— n.46'67. 

1  .C6C;l  “ 

0.12,1 

1 .O0V6 

0.1123 

37.50 

u.  v 2 54 

n.  4 7> 2 (• 

1.0500 

O.llVi 

1 . u 1 32 

0.1066 

31.00 

0.9 

0.4572 

l.b',60 

0.1140 

1 .0162 

0,1046 

3R.50 

0.9401 

0.4571 

1.0517 

0. 106/ 

1 ,6lH4 

0.1000 

39,  OC 

0.9469 

0.44  69 

I  .  04 H  I 

0.  103  7 

1.019/ 

0.0953 

39.  50 

0.7534 

n.44  |  / 

1,0442 

0.097? 

1.0203 

0.0907 

40.  flu 

- t.9597T 

- 4  37,5 

novo/-" 

0.0751  . . 

1 ,0204 

U • 0866 

40.  .0 

0./654 

u.  4  11  1 

1 .0  »o  l 

0.09 14 

1 . u?0  1 

0.0829 

4  1.00 

v • 9  7 14 

'1.4  2.j2 

1.6320 

0.00.12 

1.019/ 

0.0794 

4  1.  VJ 

n.7  7  7  1 

0.421 1 

1 . 02'IU 

O.Oo ,4 

1.019? 

0.0761 

42.00 

0.7.176 

0.4  If.  1 

1 . 024<? 

0.0320 

1.0106 

0.0729 

4  2.50 

O  .  VII U  9 

o  •  4  1 1 0 

1.0201 

0.OMO5 

1 .01 77 

0*0696 

— ui:to 

"u.^vn 

IT.TiT  ){1 

1 .  Olf,7 

1 . 0 166 

0.0668 

4  J.’»0 

/Vi  14 

I>.40i:7 

1.0123 

0.0769 

1.0153 

0.0640 

4  4.00 

1.  ;  **  14 

0. 3956 

1 .005/ 

0.0/53 

1.013? 

0.0616 

44.50 

t.lfOQS 

(».  3904 

1 .OOUv 

0.0743 

1.0121 

0.0694 

4 1 . 00 

1  .01  31 

0.  JH  ,2 

1 . 0014 

0.073M 

1.0105 

0.0374 

4  5.  50 

i.iil  fa 

>1  .  j  Midi 

0.  V7ML 

0.0732 

».oor,9 

0 .0655 

46.00 

"  1  .u225‘ 

“ T'TTTra 

1).  79*il 

0.U/2H 

1 .  bill  S~ 

o.o  sir~ 

4  6.50 

1 .077,7 

«l.  367  1 

0.  992? 

0.0/2  i 

I.UU5S 

0.05  IB 

4  7 .  nu 

1.011? 

0.  16  55 

0 . 9rt 92 

0.0720 

1.0033 

0.0502 

»,  7  •  bu 

1.0152 

0. J57U 

0.  91.67 

0.0 71h 

1 .0006 

0.048B 

ua.oo 

i  .i.ivo 

0.  357/ 

U,  V:*  3/ 

0.07  m 

0.9980 

0.0479 

4  6.30 

1  .0426 

»:.  34, .6 

<1. 9;Hi2 

0.0/2? 

0.9932 

0,0476 

49.00  "  ~ 

1  .uVo/* 

'  •'».  J‘lll 

0.  7  7  74 

0.0 fin 

T'-vSTi 

0.0480 

49.51" 

1  .«4V4 

<*.1 1*»6 

fl.  7/ 40 

0.073b 

0 .9902 

0.0408 

50,00 

1  .  U'.?6 

0  .  3  In  1 

0.7724 

O.U 74V 

U.VQ0  3 

0.0300 
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WIDTH TQH tiNGTH*  U  so 


HAtH  NUMBER  y..J0 


lOOOG 


HALH  NUMBEK  0.30 


_ W 


-$*m9 


RAUUT1QN 

rTSKPPflqr^  * 
D.2339 


■ rrr,^ 

_  7Mju.  : 

Ob.qb  - 

G.40H5 

'MJkb 

0.5247 

0.5611 

0.WU6 

O.MUi 

0-7062 

0.57 £4 
0*6372 
_  __D ».6327 

.  .  £.40 

2*5Q  - 

JtOT 

E.525S 

0.6'fiVS'. 

O.SilT 

^7bT?$_ 

3.50 

0.6104 

0.951 5 

0.4950 

4.00 

C. 7263 

0. 596? 

1.00SU 

0.4069 

4.50 

O.U0K2 

0.5/05 

1.0317 

0.3281 

‘  5.00 

o.eraj 

0.53*6 

1.0337 

0.2656 

5.50 

U .7176 

0,4962 

1.0250 

0.2199 

snro 

0.784J 

0,4504 

1.0124 

oTFbSiO" 

6.50 

1*0233 

0.4004 

0.9993 

0.  1663 

'  7,00  - 

”1.0478  ~  ' 

~  DTTViBli 

** 

'6.9h6* 

0. liJU 

...  ..h&> _ 

1*0596 

0.2987 

0.9761 

0.1452 

0,00 

~ 1706'ffS 

t!775JT" 

. . . HTttit - 

'0711736 

8.50 

1.0528 

0.2164 

0.9654 

0. 1456 

7705 

1  .LUO  3 

0.  1879 

- 57uo  n  ~~ 

■  imwo“ 

9.50 

10.00 

10.50 

U.00 

n.so 


t.02*6 

'T.'invr 

1.0040 

0.9961 

0.9695 


0. 1679 
O.'IsWT” 
0. 1453 
071 304 
0. 1327 


157015 

0771!  T 4 

»;i!iii 

12.50 

0.9774 

C.  1249 

13.00 

0/9720 

0.  1230 

13,50 

P.V677 

0.  124* 

14.00 

C • 9655 

0.  12*9 

14.50 

0.965b 

0. 1296 

0.9754 

079057 

0.9950 

I.003U 

1.005/ 

~\7mr~ 
1.0000 
0.9957 
O.W32 
0.993b 
0. VVC.3 


i# 

is.ou 

C7W5 

- irmrre - 

i .  amir 

.... 

15.50 

0.9707 

0.  1331 

1.0034 

rs 

16.00 

0.9744 

0. 1333 

1.004  5" 

•j 

16.50 

0  .  V  7  rt  1 

(».  1327 

1.0030 

17.00 

O.VBlb 

U, 13? 1 

0.9992 

=! 

17.50 

0.9H59 

0.1315 

0.9944 

IB.  50 
19.00 

19.50 
20.00 
20. 4U 

"TrTOO 

21.50 
22.00 
22. SU 
2  3.00 

2  3750__ 
”74.00 
?4.5l> 
25.00 

25.50 

20.00 

26.50 


0.9970 
1.0040 
I.UllO 
1.0169 
1.0208 
~r.  u?yr- 
1.0208 
1.0173 
1.0126 
l.OO/W 

1.U021 

0^9970 

nr99  ?7 
0.9077 
0.VH3O 
0.9809 
0.9795 


0.  1291 

0. 1249 
0. 1206 
0.  IIJO 
0.  1037 


0".T9-U» 
0.(043 
0.0762 
0.0699 
0.  0641* 
U. 0625 
‘-0.74(m~ 

0.0611 
0.06  10 
0. 066? 
0.070? 


0.9HHO 
U. 9002 
0.9907 

A. yv«  i 

0.9991 

1.0047 
1  • 006  V 
1.0069 
I . 0056 
1.0034 
‘ ‘7700*04 
0.77/0 
0,993/ 
0-971  I 
0.90VV 


277TJ0 

2/. 50 

28.00 

20.50 

29. Oo 

29.50 

30.00 

30.50 

— OTviJOl - 

0. 9M?4 
0.986? 

a*  won 

0.9953 

0.999? 

1 .002  l 
1,0040 

- VTVTWi 

0.0/M? 
0.(80/ 
U.CM5 
0*0li0  7 
0.0/86 
0.0757 
0.0/26 

D..V91 1 
0*99/o 
1.001 J 
1.0049 
1.00/1 
1.00/3 
1.0046 

1 .0(J?o 

JT7UD 

“T7HT151 - 

O.flCTi — 

0.  Wo 

31.50 

1.0062 

0, 066H 

0.9V6V 

32.00 

1  .U06(l 

0.064  1 

U. 994? 

32.50 

1.0072 

0.0613 

0.994/ 

33.00 

1 .00/3 

O.f  Mt  5 

33.50 

1.0068 

0.0554 

0.9963 

34TOO 

7700?.  7 

0.  05?  IT 

0.9v7* 

34.50 

1.0041 

0.040* 

0.998b 

35.00 

1.0024 

0.0491 

35.50 

1 .000b 

0.0483 

1.0004 

36.00 

0.9995 

0.04/8 

36.50 

0.9986 

0. f  4  /4 

1 . 00  l  .i 

““  37.00 

079979 

nrr-TT7i7“ 

170015 

37.50 

0.99/1 

0.0463 

38.00 

0.99*1 

0.  04*>7 

l.OOUL 

30.50 

0.9947 

0.0454 

1.0001 

39.00 

0.9933 

0.0447 

0.9994 

39.50 

0.9920 

n.Ci'Ob 

0.99H0 

40.50 
4  1.00 

4  1.50 
42.00 


0.9913 

0.9921 

0.9936 

0.9940 


o.r.4uo 

H.C49/ 

o.c'»rr 

0.(526 

0.C5J2 


0.99H9 
0. 999  i 
0 .999/ 
0.999^1 


0.  1505 
TjTTCiBO* 
0.1406 
0.1296 
_0* 1 172_ 
0.11)64  ' 
O.OVbV 
0.0952 
0.0944 
0.0947 
0.0940 
‘  07091  r 
0.0040 
0.0/90 
C.0/24 
0.0675 
_0.U6b2 
0.065/ 
0.06b  1 

0.0712 
0.0/36 
0.0743 
0.0/30 
“0.0/00 
0.0640 
0.061  1 
0.0564 
0.0521 
0.U4.16 
0.0460 
0.04Uo 
0.0451 
0.0464 
0. 04  76 
0.042H 
0.0553 
0.0463 
0.0553 
0.0523 
0.0460 
0.0433 
0.0392 
0.0365 
Tf7oTj5‘~ 
0.035V 
0.0373 
0.03UV 
0.0402 
0.0409 
C.0409 
n.0405 
0.03V/ 
0.03B7 
0.0377 
0.0366 
0.0343 
0.034  I 
0.0330 
0.0322 
0.0319 
0.0319 

” “o;<rm 

0.0322 
0.0320 
0.0J14 
0.0  (06 


42.  50 

0.997b 

O.bS  i? 

0.VV9 j 

0.029b 

U5.  (HJ  “ 

T>/J99b 

.  t'b  ?  7 

0.0294 

4  3.50 

1 .0014 

0.(518 

0, 9902 

0.0294 

44.00 

1 .ouil 

0,0506 

0.9973 

0.02 ?3 

44.50 

1 .004  r 

0.1.4?  1 

0.99/9 

0.0306 

45.00 

1 .0060 

<1.04/1 

O.VVO/ 

0,0512 

45.50 

1.0071 

0.144  7 

0.999/ 

0.0315 

467  do 

“  1  .0075 

d.cTCo 

r.ocu 

o.o3o? 

46.50 

1.0073 

0.6591 

1.00?  i 

0,0294 

47.00 

1  .00*.? 

a.1‘364 

1.002/ 

O.02/e 

4  7.  50 

1  .1)04  j 

O.r  143 

1 . 00? b 

0.0260 

48.00 

I.U02! 

O.f  J2P 

1.0013 

0.024O 

48.50 

0.9997 

O.t.  J?  3 

1  .(>00? 

0.023b 

'  49.00 

ti.wn 

«J.  (•<?■* 

0.VV89 

0.023/ 

49.  50 

0.9V*i» 

0.(33? 

U.9V/b 

0.024  1 

50.  JlJ 

W.9V4  / 

•).<  34  j 

O.VV/ l 

0.0249 

"UtiiUtWS 

: 

0.5505 
0.757S 
O.OUQ9 
0.9359 
0.9610 
C.9B3B 
I .0005 
1.0259 
1 .0299 
1.0238 
1.0153 
1.0087 
1.0027 
U.9938 
0.9818 
0.V70H 
0.9663 
U.V/10 
0.4U26 
0.VV55 
1 .0047 
l .0080 
1.0075 
1.0062 
1.0062 
I .0070 
1.006/ 
1.0043 
1.0003 
0.9963 
0.9934 
U.VV16 
0.9905 
O.VVOO 
O.VVOU 
O.VV35 

0.9981 
1 .0030 
1  .0065 
1.0074 
1.0040 
1 .o032 
1.0012 
1.0004 
1.0001 
0.9994 

v/  .WOO 
0 . 9960 
O.VV45 
O.V942 
O.V940 
(  .  7966 
0 .9903 
l .0002 
1.0020 
1.003/ 
1.0046 
1.0044 
1.0030 
l.OOOV 
0.9V99 
0.VV7V 
U.V97/ 
O.99O0 
0.9479 
0.99/4 
0,9969 
0.9969 
0. V97V 
0,9994 
l.uOll 
1.O024 
1.0029 
I ,0029 
1.0024 
1.001/ 
1,0006 
U.V993 
0 . V9«1 
0.99/4 
0 . 9974 
0.9980 
0.9906 
0.9990 
0.9990 
U. 9991 
0.9997 

1 . ueo / 
1,1-013 
1 .0025 
1 .u024 
1,0017 
i.ooor 
U.9V97 
_  0.9909 

O. v9b3 
O.99M0 

0.9V74 


,.**0ttOQ 

‘“^sfiwnfser — 

0,6077 

-0*4747 
0.3905 
0.3353 
0.2988 
0.2694 
0.2230 
0.1857 
0.1535 
0.1335 
0.1191 
0.1060 
0.0948 
O.OBV3 
0.0919 
0.1008 
0.1104 
0.1  148 
0.1113 
0.IQ19 
0.091 1 
0.082  7 
0.0774 
0.0734 
0.0687 
0.0629 
0.0573 
0.0535 
0.0522 
0.0523 
0.0531 
0.054  1 
6.0557 
0.0580 
0.0600 
0.0605 
0.0583 
0.0536 
0.0480 
0.0434 
0.0408 
0. 039V 
0.0395 
0.0386 
0.0371 
0.0359 
0.0357 
0.0367 
O.038  J 
0.0397 
0.0404 
0.0405 

0.0399 
0 .0  388 
0.0369 
0.0342 
0.0313 
0,0288 
0.0275 
0.0275 
0.0282 
0.0289 
0.02O9 
0.0286 
0.0284 
0.0288 
0.0298 
0.0307 
0.0310 
0.0303 
0.0289 
0.0272 
0.0255 
0.024  1 
0.0229 
0.0220 
0.0216 
0.0220 
0.0228 
0.0237 
0.0242 
0.0242 
0.0239 
0.0237 
0.0239 
0.024  1 
0.024  1 
0.0233 
0,0220 
0.0204 
0.0192 
0.0164 
0.0182 
0.0  tbi 
0.01b/ 
0.019 2 
0.0198 
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MACH  NUMBER  c.4Q 
WIDTH  TO  LENGTH  RATIO  0.0625 


0.0701 
G.0860  Q. 2202 

o.io2o  o.?m? 

0.1 184  0.261V 

0.1352  0.2H06 

C. 1522  0.2976 

"TiTTS’S^  “  0 .  TITO 

0.1060  0.3209 


MACH  NUMOfcR  0.40 


RADIATION  RAU1ATXO 


9.50 

0.2727 

0.39V9 

10.00 

0*2873 

0.4105 

10.50 

C.101V 

0.4206 

1  1.00 

0*3163 

0*4303 

1  1.50 

0.3309 

0.43V6 

12.oo 

U..J4V6 

“OulPiOA 

12.  SO 

0.3606 

0.4570 

13.00 

0.3?-i7 

0.4647 

13.50 

0*1908 

0.4716 

14.00 

0.4057 

0.4778 

14.  50 

_ 0.4202  _ 

0.4833 

“Ts.oo 

*0,434*1 

6.488b 

15.50 

0.4482 

0.4934 

16.00 

0*4620 

0.4900 

16.50 

0.4756 

0.5024 

17. GO 

0.4092 

0.5064 

18.00 

0.5157 

0.  5  l  32 

0.8U80 

0.4029 

1.0509 

10.00 

0.5207 

0.5163 

0.  V02  / 

0.4  74b 

1.0521 

19.00 

0.5414 

0.519? 

0, Vi  66 

0.4661 

1.0448 

IV. oo 

0.5542 

0.5220 

0.9302 

0.4576 

1 .0375 

20.00 

0.5669 

0.5246 

0.9435 

O.ULOfl 

1 .1)300 

20.00 

0.5798 

0.5270 

0.9565 

0.4400 

1.0247 

21.00 

0.5927 

0.520V 

0.96V? 

0.4304 

i.om 

2  1.50 

0.6055 

0.5304 

0.9812 

0.4202 

1.0134 

22.00 

0.6102 

0.5315 

0.9924 

0.40V5 

1.0076 

22. SO 

0.6307 

0.532? 

K002o 

0.3986 

1.0016 

2  3.00 

0.64  30 

0.5  32  7 

1.0124 

0.3H75 

0.VV57 

23.50 

0.6552 

0.532V 

1 . 0?  1 4 

0.3763 

0.9901 

24.00 

0 . 66  7  3 

0.  5  32  7 

1 . i>;  1 1 

0.37,50 

0.9051 

24. 5C 

0.677? 

0.5  32? 

1.0373 

0.35  54 

0,9804 

25.  OU 

0.6908 

o*>313 

1.04  4  1 

0.54  1  b 

O.V75B 

25.50 

0. 7C?0 

0.5  502 

1.04  99 

0.3273 

0.7713 

26.00 

0.7129 

0.52VO 

1.0548 

0.3105 

U.V668 

26.50 

0.7235 

0.52/7 

1.0589 

0.30/5 

0.9628 

7  7.00 

0. / 340 

U. 5204 

1. 0626 

0.2967 

0.959/ 

27.50 

0./444 

0.5251 

1. 0660 

0.2065 

0.9577 

20. OU 

0. 7  54  7 

0.52  37 

1.069? 

0.2765 

0.9570 

28.50 

«. 7651 

0.5??G 

1.0721 

0.2665 

0.V5/3 

29.00 

<.7754 

0.520? 

1.074  7 

11.2464 

0.9504 

29.50 

0.7855 

0.5  lUl 

1.0760 

0.2465 

0.9601 

30.00 

0.7956 

0.5151: 

1.0/84 

0.2366 

0.9622 

30. SO 

O.H055 

0.51  54 

1.0795 

0.2270 

0.9649 

11. M 

■  •  r.T.isT  ' 

0.')I67 

31.50 

r.n?5<> 

0.50/8 

32.00 

<•.05471 

U  .  5  U  4  6 

32. SO 

O.8U40 

0 . 50  1  1 

33.00 

0.8531 

0.  4-7/3 

35.50 

*’  .86  1 M 

0.4933 

34-00 

U.'BTCl  ' 

V.*.fiv5 

34.50 

('.lift!? 

U.WaiS 

35.00 

C .886  1 

0.46  1  3 

35.  SO 

u.i.vin 

n.  1.7/2 

37,.  00 

C .  90  1 4 

0.4732 

36.50 

0.9089 

0.4690 

J/.fllT 

*0.916? 

7T.Tk.4T, 

37.50 

0.92  34 

0.4M  6 

30.00 

0.9305 

0.4564 

38. 5U 

0.93/5 

<1.4  521 

3V.oO 

C.9445 

0.4  4  70 

3V.S0 

0.9515 

n.  44  Sc 

0 . 9  5  P  3 

n.T.  ii'  i 

40.  SO 

C.VONC 

li.>.  S  31 

MACH  NUMBER  0.40 

WIDTH  TO  LENGTH  RATIO  o.2$qq_ 


Cl  .46  U 

0.4959 _ 

Q.S'237 

0.5454 

0.5601 

0.5673 

— T.wr- 

0.5613 
0.5514 
_  0.5398 
0.5271 

_  0.5144  _ 
^O.bOOT 
0.484? 
0.4674 
0.4490 
0.4302 
_0.4J15_ 
6.3921 
0.3728 
0.3522 
0.3101 
U.1074 

0*2844 _ 

0.2621 
0.2411 
0.2216 
0.2014 
0.1864 
0.1705  _ 
0.1562 
0.1418 
0.1335 
0.1253 
0.1 186 
_  0.I12B  . 

0.1075 
0.1026 
0.0983 
0.0949 
0.0924 
0.0V09 
0.0900 
0.0896 
0.0895 
0.0099 
0.0913 
_  0.0936 

0.0969 
0. 1000 
0.10U8 
0.1086 
0.1120 
0.1151 
0.1178 

__  0.1203 

0.1224  " 
0.1238 
0. 1243 
0. 1240 
0. 1230 
0.1217 
U. 7204 
0.1191 
0.1178 

o:  1 163 
0.1144 
0.1122 
0. 1097 
0.1070 
0.104  3 
0.1015 
0.0983 
0.0947 
0.0906 
0.0861 
0.0816 
0.0772 
0.0732 
0,0694 
0.0660 
0.0627 
0.0578 
0.0573 
0.0554 
0.0542 
0.0536 
0.0531 
0.052C 
U.0521 
0.0518 

_ Q^O  5 1  4_ 

0.0512 

0.0513 

0.0517 
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KALH  NUMBER  0.40 
WIDTH  TO  LENGTH  RATIO  0.5000 


MACH  NUMBER  0,40 

WIDTH  TO  LENGTH  RATIO  1,0000 


HALM  NUMHCK  0.40 
WIDTH  TO  LENGTH  RATIO  2.0000 


GENERAL  I  ZED 

MfunoM 

KALI  AT l UN 

KAO I  AT JON 

KAU1ATI0N 

RADIATION 

radiation 

—m 

iW6'-'C» . 

rlustAnlc 

KlKCWVZZ 

0.T654 

KtStSfANCC 

0.0463 

KlAZTANCr™ 

0:2395 

RbSLSTANCL 

- 

RfcACTANCe  . 

|!jjp^ _ _ 

1 

0.0887 

6.313b 

- 

0.1751 

Q.4370 

0.3142 

0.5291 

2.00 

0.2963 

0.6151 

0.5367 

0,6153 

0*7529 

0.5505 

2.30 

9.4 103 

~i  *  66u » 

n  f rnort 

0.»M[ 

(,,'dBOy 

0,4441 

-  "3,00  . 

- - ffTFTSl — 

(CSTTs 

o!b272 

0.6507 

0.8913 

0.3810 

3.50 

0.6172 

0.5989 

0.9135 

0.4833 

0,9194 

0.3506 

l 

uGO 

0.7077 

0.6932 

0.9683 

0.4160 

0.9569 

0.3289 

4,50 

0,7912 

0.5/63 

1.0021 

0.3550 

0.9982 

0.2972 

3.1)0 

0.6674 

0.5479 

1.0220 

0.3003 

1.0291 

0.2533 

5,50 

0.934  1 

0.5000 

1.0303 

0.2507 

1.0624 

0.2066 

6.00 

- "ram — 

O.Ii'506 

T.U2T, 

0.T0 H 

1.060V 

0.1663 

6.50 

1 .0257 

0.4040 

1.0151 

0.1 742 

1,0313 

0.1362 

7.00 

1*0401 

0,9980 

0, 1634 

1.0187 

0.1157 

r,3o 

1,0673 

0.2996 

0.9823 

0.1460 

1.0060 

0.1026 

1 

J.OO 

1 .0671 

0.2571 

0.9732 

0.  1449 

0.9945 

0.0953 

1 

5.50 

1.0516 

0.2220 

0.9722 

0.14/4 

0.9051 

0.0926 

9700 

t.ijirar 

"  o.  win 

o  .im 

0.1473 

O.V/87 

0.0933 

t 

7.50 

1.0320 

0. 1 700 

0.9040 

0.1426 

0.9759 

0.0950 

io.oo 

1.U1V4 

rt.  1514 

0.96C9 

0.1344 

0.9/65 

0  *0902 

10.60 

1 .0065 

0. 1 3/9 

0.9901 

0,126/ 

0.9/90 

0.09V2 

11.00 

0.9914 

0.  1  11)0 

0.988/ 

U.  1171 

0.9019 

0.099 1 

11.50 

0.9791 

0. 1274 

0.9069 

0. 1  146 

0.985 1 

0.0 9 VO 

12. 0o 

- 0.9703 

OTITW 

0.906? 

0.1 (44 

0.VB95 

0.0993 

12.50 

0.V6SH 

l).  1  323 

0, V8H9 

0. | 137 

0.996 1 

0  *  0984 

1  3.00 

0.9650 

0. 1 364 

0.9929 

0 .  11  1 V 

1  .0039 

0.0945 

13.50 

0.9664 

<3.  13  70 

0.9973 

0, 1084 

1.U107 

0.0870 

14.00 

0.96(16 

0. 1371 

1 . 0012 

0, 1035 

1 .0  140 

0.0770 

14.60 

0.9/06 

0, 1 365 

t • 00  39 

U.OV/H 

1.0131 

0.0673 

- 15.60 

u  75774 

oTTTcTI 

1.00-jn 

U.092i 

1 .0093 

0.0602 

15.50 

0.9/ 4V 

0. 1361 

1.006V 

0.0063 

1  .0049 

0.0562 

16.00 

0.97 05 

0.  1 360 

1 .0074 

0 .0802 

l  .0016 

0.0545 

16,50 

0.98  32 

0.  1  151 

1.006/ 

0.0/38 

0.9990 

0.0531 

17.00 

0  •  9HfjJ 

0.  1  124 

t. 004? 

0.06/6 

0 .99U4 

0.051? 

1  7.50 

(1.9929 

0.1291 

0. 999/ 

0.0627 

C.VV62 

0.0491 

Io.oo 

0.9965 

oTT2'»0 

0. 9940 

0.0602 

6.9929 

0.0482 

18.60 

0.9992 

0. 1 ?U6 

0.980  i 

0.060b 

0.9097 

0.0494 

19.00 

1  .0016 

0. 1 169 

0.91144 

0.0642 

0.VH82 

0.0525 

19,50 

1  .0043 

0.  1135 

0.9034 

0.0690 

0.9894 

0.0559 

20.00 

1.0076 

0.  1 0  V  4 

0.9CS9 

0.07  (6 

U.V927 

0.0580 

20.50 

1.0110 

0.  1044 

0.9700 

0.0/60 

O.9VO0 

0.05/9 

~ TTTou 
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WIDTH  TO  LENGTH  RATIO  1.0000 


MACH  NUMBER  0.70 

width  T9  length  ratio  2*0000 
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~~  ITS755 

ITo6o4 

0.(440 

0. VV60 

0.0  3  ITT* 

0 . VV6? 

0.0237 

46.50 

G.V997 

0,0413 

0.9958 

0.0317 

0.9950 

0.0245 

47.00 

,**.999? 

0.04  2  V 

0. 996  1 

C.032J 

U . 9959 

0.0254 

47.50 

0.9966 

0.04  24 

0.  V*?64 

0.0328 

0,  W62 

0.0261 

48.66 

O.VVbC 

O.C4  2  3 

0.  W70 

0.0332 

0. 9960 

0.C268 

40.50 

O.W7  7 

O.U4P4 

0.  W7c< 

0.0334 

0 . vv7  7 

0.  C  27  2 

iT9.66 

U.VV7‘i  “ 

6uu4^4 

(I.VVH4 

0.013? 

u . 9986 

O.U273 

49.  SC 

C.VV75 

0,(424 

0.  vw? 

0.0352 

0. VVV6 

0.0272 

50.00 

O.W/6 

0, C423 

l.OOOu 

0.0  370 

l  .U005 

0.0268 
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r.ACH  NUHLtK  0.70  NACH  NUPfibft  0.90  MACH  NUMBER  0.90 

WIDTH  TO  LENGTH  RATIO  .MfiBTH  LENGTH  RATIO  °*  _  WIDTH  TO  LENGTH  RATIO  9*2500 


13.50 

14.00 

14.5U 

0. iHH? 
0.4017 
0.4155 

0.4646 

0.4774 

0.4 7 VO 

0. 10/0 

6 ■ 7274 

0. 14  15 

0.5273 
v • 5254 

0.4230 

1.0164 

1 .v23V 
1.0299 

15.00 

0.42VU 

0. 41*53 

0.  161 1 

0.5170 

1.U547 

14.50 

C.44  14 

0.4712 

0.  1H64 

0 . 5  160 

1.0387 

16.00 

0.4473 

0.4766 

0.8047 

0.5116 

1 .04  17 

16.50 

0.4114 

0.5016 

0,0231 

0.5064 

1.0437 

17.00 

0.4(t5f. 

0 . 49o 1 

0.84  10 

0. 4 CO 5 

1.0449 

1  1.50 

0.479b 

0. 4MVV 

O.O'jVj 

0.4931 

1.0455 

1H.00 

0.5134 

0.513? 

0.4061 

I .0446 

10.50 

0.4267 

0.516? 

0.8770 

0.4 7  IB 

1.0431 

17.  00 

C .540 5 

0.51(17 

0,7000 

0.4687 

1.0405 

17. 50 

0.->5i6 

0.571? 

0,7226 

0.4576 

1.0372 

20.00 

(» .  5  6  A  0 

0.  .74? 

0, 736  j 

0.4478 

1.0331 

20.50 

0.4778 

0.5247 

0,7475 

0.4375 

1.0281 

2  1.00 

0.5775 

0.5?  > 1 

0.7615 

0.4281 

1.0224 

2  1.50 

0.6<1'»8 

0.5?64 

0.7124 

0.4  111) 

1.0163 

22.00 

0  .  o  1 6  7 

0.5211 

0.9026 

0.4070 

1 .0078 

22.50 

0.62K0 

0. 52 15 

0.7920 

(i.  376  1 

1.0027 

2  3.00 

(*.6404 

*>.  52/7 

1.0606 

0.585? 

0.7761 

?3.  v* 

O' » 4 '»  1  1 

0.  .717 

1 . OOM  6 

0. 3744 

0.7874 

24.00 

»•  |  -jn  i (/ 

.  ...  r . 

1 . 0  1  4  ’j 

U. 3631 

0. 703  1 

24,4“ 

*  1 

•.57/:’ 

1.02?.. 

u.5 j3C 

U.V/12 

0.3253 
0.5075 
0.2903 
0.2741 
0.2585 
0.2433 
0.2286 
0.2146 
0.2009 
6.1078 
0.1752 
0.1633 
0.1522 
0.1417 
0 . 1  32  3 
0. 1240 
0.1  168 
0.1107 
C*  1060 

0.  I U25 
0.1003 
U.0991 
0.0VV1 


25.00 

0.6*15? 

a.  V/l 

1.0?  04 

0.J427 

0.7121 

0.1002 

25.50 

0.696:* 

8.5. -I  3 

1.0  34  1 

0. 5326 

0. /611 

0.1019 

26.00 

0. 107? 

8. 5  ,*6/ 

1.0393 

0.3226 

0.764  l 

0 .  ■  C43 

26.50 

0.7180 

.1.4260 

1 . 04  4  1 

0. 312/ 

0.7616 

0.1072 

27.00 

0  ,  /?«»> 

0. 4251 

1 . 04  it  1 

0.3030 

0. 1579 

0.  i  102 

21. 50 

8.1  375 

0.5237 

1. 1*5 2 8 

0.275? 

0.957? 

0. 1  135 

28.00 

'*. 15I»? 

*1.5225 

1.0464 

0.2034 

0.7593 

0.116/ 

?H.  sn 

0.160/ 

0. 4? OH 

1.U600 

0.2130 

0.7603 

0.1195 

29.00 

0 . 1 1  1  o 

0.4170 

1 «  U6  2  7 

0.2642 

0.7618 

0.1221 

27.  V* 

O.Ki  1  3 

f*.  4  1 67 

1.06  44 

0.244  1 

0.V64  1 

0. 1243 

30.00 

11.17  14 

0.414/ 

1.06  7  J 

0.245? 

0,7660 

0.1260 

10. 'jU 

ii.uur. 

0.412? 

1.0671 

0.2351 

U.V699 

0.1271 

31.00 

0  .  U  1  !  5 

(I*  41’ 74 

1.01  lo 

0.2262 

O.V/JO 

o.mv " 

51.50 

0.8? 1 3 

0. 406? 

1.0118 

0.2161 

0.7161 

0.1277 

32.00 

0.810  1 

0.4027 

1.0120 

0.2014 

0.V17U 

0.1274 

32.50 

0.0178 

U  .  4  7 7  1 

1.0711 

0. 1786 

0.7b?6 

0.1266 

33.00 

C  ,84*11 

0. 4  74 3 

1  .01 1  1 

0.  WlJU 

0.9051 

0.1254 

33.50 

0.U4 1 J 

0.4714 

1  .01.41 

U. 1815 

0.7H84 

IV.  Oft  " 

0 . 8656 

U.4C/4 

1 . 06B(i 

orrm— - - 

0. 770y  " 

0 . 1  27  \ 

34.  5 0 

0..J151 

0.48 34 

1.0666 

0.1656 

0.7733 

0. 1204 

35.00 

0 ,«H  1  6 

0.4/75 

1.064  J 

0.  1 58  J 

0.7944 

0. 11K5 

34.  50 

O.MHV 1 

0.4 /*»*■ 

1.06 1  1 

0.1514 

0.7715 

0.  1  166 

36.00 

0.8 76 7 

0.4  1  12 

i.o'.on 

0.1440 

0.7975 

0.1  146 

36.50 

0.7042 

0, 4668 

1.0547 

0.1591 

1  .uOI  5 

0.1124 

37.00 

f'.vllT 

TJVTO5 

unTh 

1  .UOfb 

0. 1  103 

31.  jO 

0.718? 

0. 44»? 

1.0476 

0. 1284 

1.0044 

0.1003 

38.00 

0.1251 

Ci.  4  5  37 

l , 04  64 

0.1236 

1.0061 

0.  1063 

38.  40 

0.9310 

0.1.4  74 

1.44  3? 

u. 1  IV2 

( .0019 

0.1041 

37.  00 

0.7  3»i4 

0.44 40 

1 . 04  Ou 

0  .  11  5  l 

1.0094 

0.1016 

3V.  so 

«  Vli  u 

D.44II6 

1.0367 

0.1113 

1.0110 

0.0909 

to.  00 

T .  7  4  1  1 

0.4  3,6 

T.fiB7  ' 

orronr 

f.olfj 

0.0762 

40.  50 

0.741  J 

6.6  312 

l.OlOt, 

0. 1044 

I.u135 

0 • 09 J4 

4  1.00 

O.V6  14 

0.4265 

1.621 5 

0. 1014 

1.0145 

0.0904 

4  1 .  Vj 

*-.767  3 

0.4211 

1.0245 

U.0VH5 

1.0144 

0.0811 

4<r,  00 

U.V757 

0.4  1<,8 

1.0214 

0.0946 

1.0160 

0.0837 

4  2.50 

0 .7800 

0.4118 

1.0184 

0.0730 

1.0162 

0.0801 

43.00 

l  .7063 

IT.  lift*./ 

1 .015? 

C7T>9()6 

“TToliv 

0.0 Ibt 

4  3.40 

0.7916 

0.4015 

1.0120 

Q.0KM4 

1.0152 

0.0731 

44.00 

0.7760 

6.  i'th  3 

1.00 08 

0.O063 

1  .u  111? 

0.0698 

4  4.60 

1  .00  1  1 

0.  17  10 

1.0045 

8.0844 

1.0128 

0,0666 

4  6.00 

1 .0064 

0.  3(141 

1.00?? 

0. Ob27 

i.uno 

0.0630 

4  "3 . 50 

1 .01  10 

0.  If. 03 

0.7787 

O.OH  lo 

1 .0070 

0.0612 

46.  00 

1  .01  >4 

■>.  ’,14  V 

0.9744 

O.Ofiu'. 

1  .0066 

0.0590 

4  6.50 

1  .0176 

•J.  16  76 

0.7722 

0.079/ 

1 .0040 

0.0571 

4  7,  -j  v 

1  •*:?  36 

t:,  W-4? 

0.9(1  fid 

0.0  /  v? 

1.0015 

0.0559 

4  7.50 

1  .li?/4 

14*17 

6 ,  ?M65 

0.0192 

0.7906 

0.0541 

4H.  00 

1  .81  1  1 

i'.  3',  36 

0.  7(1?  5 

0.0  194 

0 . V  96  1 

0.0548 

4R.  50 

1  .0  34  1 

0. 

0,777  • 

0,0799 

0.7737 

0.0549 

4V.  00 

1.0  vji:i 

n.“T4^r” 

i).?f6o 

0.0557" 

0,7714 

0.0553 

47.  50 

1  .U6  1  <l 

(I.  3  4n0 

0.7144 

0.0816 

0.7076 

0.0560 

50.00 

1  .1.442 

;  ;?i 

0.712? 

0.0826 

o.va/v 

u. 047 1 
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MACH  NUNtifcK  0.90  MACH  MUMQLR  0.90  MACH  NUMBER  0.90 

WIDTH  TO  LENGTH  RATIO  0.5000  WIDTH  TO  LENGTH  RATIO  KouOO  _WI?THJO  LENGTH  RATIO  2.0000 


!  GENERALIZED 

KAUlAflON 

KADI  AT  100 

KAUUUO.i 

RADIATION 

K  ADI  AT tON 

K AO  1  AT  ION  5 

'  FReaueticv 

«tSl"5TXK£I 

KUACTANCE 

KcVKrSiret 

HtACTANCt 

iTTsiiiAHCL 

Re  ACTANL  6  | 

0.5U 

0.0606 

0.1736 

0.117V 

0.2442 

0.2119 

a. 292?  4 

- rnro . 

0.1342 

0.2bd9 

0.2467 

0,36/5 

D.56B5 

0.36/4  J 

- 1 Q 

0,4137 

0*37/1 

0.  3603 

0,4302 

0.4755 

Q,  404  1  '% 

2*00 

0.2979 

0,4449 

0.4805 

0.4/62 

0.5632 

0,4279  W 

2.50 

0.3844 

0.4958 

0.4822 

0.4924 

0.6547 

0.4391  ] 

1750 

armn> 

'  6.5SI5 

-  ~  iiii.af 

6.4929 

0.7330 

0,4392  1 

3.50 

0.4546 

0,5524 

0. 7506 

0.4007 

0.8040 

0.4282  I 

"  4.00 

0.6370 

0.5599 

o.yin 

0.45Gb 

0.064  1 

0.4  074  I 

4.50 

0.7130 

0,5554 

O.b/Po 

0  *  42 VB 

0.9  144 

0.3801  i 

s.oo . . 

“  ‘  ‘  0.  784 7 

o.r.iiofc 

6.9182 

0.3975 

U.9563 

U. 3492  I 

5.50 

0.84B  l 

0.4172 

(1,9542 

0. 3640 

0.989b 

0.3162  l 

6.56 

6.V029 

0  .  <48  *■* 

OnTS 

"  1 

1 .0149 

0.2822  J 

6.50 

0.9489 

0,4503 

1.0021 

0.2973 

1.052 1 

0.2480  J 

/.o<r 

079856  ' 

0.4106 

1 . 0164 

0.2043 

1.9925 

0.214b  * 

7.50 

1.0134 

0.3691 

1.025b 

0.2351 

1  ,U466 

0.1844  f 

‘  a. oo 

I.0J52 

1.3279 

.  1.0304 

0.2075 

1 .946  1 

0.1575  1 

?  a.  so 

1.0427 

0. 20rt0 

1.0307 

0. 1U25 

1.0415 

0.1345  | 

:  5755 

1.0660 

orjyn 

1 . 02  7  j 

a. i.oi 

1  .0  3  59 

0,1152  *  ? 

f*  9.50 

1.0432 

0.2100 

1.0216 

0.  14)4 

1  .0245 

0.0998  j. 

l  10.00 

'1.0357*  * 

0. 1899 

1.013ft 

0. 1262 

1 .014  i 

0.0805  1 

10.50 

1.0240 

0.  1671 

1.004u 

0.114b 

1 .0040 

0.0812 

11.00 

1.0115 

0.  149U 

0.9944 

0.  1071 

U.V94  3 

0.0  77  3  * 

S  11.50 

0.9976 

0.  1 376 

0. 9864 

0.  102b 

0.9040 

0.0760  2 

12. DU 

GTVOL'O — 

OTTTO'C 

o.<iTsa~ 

ano'ii 

0.979 1 

0.0768 

12.50 

U  .97  1  V 

0.1276 

0.9732 

0.  1023 

0.9/44 

0.0792 

- 13.00 

'0.9618 

0. 12»)3 

0.9697 

0.  104b 

0.9/1  7 

0.0828 

13.50 

0.9444 

0.  1 3  lb 

0.V6H4 

0.  IOC  1 

0.9709 

0.0867 

14.00 

0.9501 

0.  1  36(1 

0.9692 

0.  in:, 

0.9720 

0.0905 

14.50 

O.V4U7 

0.  1427 

(Ij  9  720 

0.  1140 

0 .7  /4b 

0,0935 

‘  “T5.05” 

to.t',06 

IT7TCT7 

0.9/6  i 

O.Tl7o 

0.9/90 

0.0956 

15.50 

0.954b 

0.  14  39 

(l.VU  1  4 

0.  1  16ft 

0.9H40 

0.0966 

16.00 

0.9613 

0.  14  77 

U.V07G 

0.  1149 

0.9094 

0.0963 

16.50 

0.9AV2 

0. 1496 

0.9924 

0.1124 

0.9949 

0.0946 

17.00 

O.Vrb? 

0. 1494 

0.9974 

C.  lOti  9 

1 .0002 

0.0916 

1  7.5U 

0.VH75 

0. 14/0 

1 . 0(J  1  y 

C.  104  5 

1.0040 

0.0875 

iH.OQ 

0.9064 

0. 1426 

17*0054 

0.6994 

1.0089 

0.0826 

10. 50 

1  .0043 

0.  1463 

1 .001)1 

0.0739 

1.0)17 

0.077  1 

IV. 00 

1.0110 

0.  1  Sh3 

1.009/ 

0 . 0t)u2 

1 .  u  1  35 

0.0712 

19.  50 

1  .0160 

0.  129  3 

1.0104 

0.0H24 

1.0139 

0.0652 

20.  OO 

1.0191 

0.  1  19  7 

1.0104 

0„07/  1 

1 .01  34 

U.0596 

20.50 

1  .0203 

0. 1 lOO 

1.009/ 

0.0720 

1  .  0  1  1  V 

0.0445 

ST.'ftu 

r.iiia* 

6.  Illul 

TTutfitl 

0.06/4 

l  .0094  " 

0,050 1 

21.50 

1.017? 

0.092? 

1.0049 

0.0633 

1  .9066 

0.0466 

22.00 

1.0134 

0*  0*14  V 

1 . 00  34 

0.0600 

1.0013 

0.0440 

22.50 

1.000  7 

0.0790 

1.0004 

0.04/5 

1  .GO  Oft 

0.0424 

23.00 

1.0033 

0.O747 

0.9974 

0.0449 

0.996b 

0.0418 

23.50 

0.997/ 

O.r/71 

0.994 i 

0.0443 

0.9939 

&.U420 

24.00 

11.9924 

0.0711 

(I.  V9  1 1) 

0.0544 

0 . 99 15 

0.042b 

24.50 

0.9U77 

ll. (171  3 

0.91)94 

0.046? 

o.vrtVb 

0.0442 

25.00 

9.7" 3 ( 

3 

*•,«!•,/  / 

»•  ,7**19 

ft, 0449 

2  5.50 

0.VIIC9 

0.1  7  >4 

0.9H7u 

0.0494 

0. >886 

0.047b 

26.00 

0.7 794 

n.(  71 3 

0.98(10 

0.061? 

0.91)9  1 

0.0497 

26.40 

0.9790 

0.01)14 

0.91)91 

0.0626 

U.990J 

0.0511 

27.00 

0.9/97 

0.0M44 

0.9904 

0.06 37 

9.V920 

0.0523 

27.50 

o.vbPO 

9. OH  72 

0.97  5) 

0.064  3 

0,994  1 

0.052V 

2b.  00 

0.9049 

b.  4)190 

U. 9946 

0.064  1 

0.9964 

U.U52V 

20.40 

(l.-fllUh 

0.  OVOIJ 

0. 990  ll 

0.0/,  34 

U.  9911V 

0.0524 

29.00 

0.992J 

0.090? 

1.0003 

0 .0619 

1 .0012 

ft.  0512 

29.50 

0.9965 

0. r  „9? 

1 . 00? 4 

ft . 0499 

I.OU35 

0.0494 

30.00 

1 .0004 

«I.<«P7? 

1.0040 

0.0476 

1.0040 

0.0473 

30.40 

1.0030 

0.0C44 

» .004 1 

0.04,1 

1 .0063 

0.0449 

JT760  - 

1.1)1)67 

K.ChIu 

1.0047 

1 .00/0 

0.0423 

31.40 

I.OOHK 

0.  (.  770 

1.0049 

0.0490 

j.oom 

0.0395 

37.00 

1.0101 

0.(726 

1.0046 

0.0473 

l  .  uO/jD 

0.0369 

52.40 

1.0104 

0.0601 

1.0040 

0.0441* 

1 .0049 

O.OJ45 

33.00 

1  .0099 

0.064(1 

1 . 0  0  S  9 

0 .04? 9 

1.1047 

0.0325 

3  3.50 

1  .1)011 7 

(J.C60  t 

l.0()?7 

0.0413 

l.ouil 

47075 

1 .00611 

0.(56  7 

“TTooi , 

ft.U jVV 

1 .  u(>  14 

0.0?‘.‘ 7 

34.50 

1.004  3 

0.( 540 

0. 999/ 

0.03U9 

0.9996 

0-0291 

34.00 

1  .00  1  0 

0.(42? 

0. VVH? 

0 .6  3o4 

0. V9 /V 

0.0289 

35.50 

0 . 99 HV 

0.04 10 

0.9967 

C.Oib? 

ft.  -,964 

0.0293 

36.00 

C  .  V  9  6  2 

0.04US 

0.9944 

0.0304 

(/.  v9‘»  1 

0.0298 

36.50 

0.9937 

o.o4on 

0.994  i 

0.0390 

0.9942 

0.0308 

37.00 

(HWTr 

0.041 7 

0"TW3o 

0.0  399' 

0.9937 

0.U3I8 

3  7.40 

0.9905 

0.0430 

0. V93J 

0.01,09 

ft.  9V 56 

0,0330 

38.00 

0.VB94 

i).64»'. 

ft.  99  34 

0.042ft 

0. 79 iV 

0.034  1 

38.40 

0.989! 

0.046? 

0.994ft 

U.043U 

0.9946 

U .0350 

36.1)0 

0.9HV4 

(l.li'iN 

.  0.9950 

0,04  16 

G.9V4  7 

0,0358 

39.40 

0.9905 

0.0493 

0. 996? 

0.044  1 

0.976V 

0.0361 

40. Ou  “ 

0.9920““ 

0 . C6uV 

0.  99  7tJ 

0.0442 

0.9903 

0.0562 

40.40 

0.9937 

C .061 ! 

0.9V V? 

0.0437 

O.V9V7 

0.0359 

4  1.00 

6.9947 

0.061 3 

I . 0006 

0.0430 

1.001  1 

0. 0343 

4  1.40 

0.9979 

0,07.09 

1.0020 

0.04  19 

I.0025 

0.0342 

42.00 

1 .ftftOO 

O.t  /.Cl 

1. 0U29 

0.0464 

1  • 0055 

0.0330 

42.50 

1  .00  19 

0*0406 

1.00  54 

0.03HV 

1.004  1 

0.0314 

M  J.ltO 

Trains 

A7/-1j6'r 

“T.  004(1 

0.037  3 

I.004U 

0.0299 

4  3.40 

1 .004  7 

(..(  Mill 

1.00  19 

0.0346 

1 .  (it) 4  4 

0.0283 

l<ii. 60 

1.0046 

0.0424 

I.OOlc, 

0.034  1 

1 .004  2 

0.0268 

44.40 

1.0049 

0.U4U1 

l.OOJI 

0 . 0  32  / 

1 .0037 

0.0244 

45.00 

1 .004  7 

ft. 0477 

1.0ft? 4 

0.0116 

1.U029 

0.0242 

4  5.50 

1,0041 

0.4  »'4/. 

1 . 00  1  , 

0.0306 

1.0019 

~~ - ITSTOT - 

'TTUEirr- 

“a.ki r 

l.OOft-i 

ll.o  loo 

1.9007 

0.0225 

46.40 

1,0029 

0.0420 

0.9996 

0,02'*  4 

0.  /9V4 

0,0222 

S7.00 

1,6614 

O.i. 40b 

0. 9Vh  i 

0.029  j 

0.9VH4 

0.0222 

4  7.40 

0.9999 

0.0400 

0.99// 

0.0295 

0.9974 

0.0226 

4d.  00 

O.V9b3 

O.C  )V4 

0. 9969 

0.0296 

t . 9967 

0.0230 

40.50 

0.9960 

0.0396 

0. 9V6  3 

U.OiUO 

- -  'TTOT^T! 

fr.  9946 

0.1-4  Oft 

<57v‘>4d 

0.0  lOO 

0.V94V 

0.0243 

49.40 

0.994  7 

0.0406 

0.9  V,/ 

0.0113 

o.yv4it 

50.00 

0.9940 

ft.rij  14 

0.  99*,  t 

0.01)7 

0. y960 

0-0249 
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XACII  NUKHLR  l'. 'Cl 

WIDTH  TO  LENGTH  RATIO  o.uii?') 


EHAIUCD 

4AIJ1M  10*1 

KAL-1A1  H>M 

EOUCNCV 

*651 51  ANIL 

KLftCTANOt 

O.bO 

o.un/7 

0.04  10 

-MO 

.(>•01/6 

U.l  fill 

UbO 

0.0264 

0. 1081 

2.00 

C.04  06 

0. 1375 

2, SO 

0.05.36 

0.  165  3 

3,00 

0.0679 

0.1912 

3.50 

0.0824 

0.2153 

4,00 

(  ,09n0 

(1.2  iyl 

4.50 

(.1  14  1 

0.2670 

5.00 

U.  1304 

0.2785 

5.50 

0.14  69 

0.2966 

6.00 

0.  lo37 

o.  3135 

6.50 

0, 1  H  0  6 

0.,  S?M  7 

7.00 

0.1970 

0.  34? / 

7.50 

(1,2132 

0.3560 

M.  00 

0.229i| 

(>•  3<lM? 

8.50 

0.2463 

0. 3796 

v.oo 

0.27.07 

0.3(199 

9.50 

0.2760 

(I.39VH 

10.00 

C.  29114 

0.4091 

10.50 

<1.30411 

0.4  In? 

11.00 

1.31V? 

0.426ft 

11.50 

0 . 33  3 5 

0.4349 

12.00 

0.34 7  1 

0.4 426 

12.60 

0.5606 

;>.4  6(!2 

13.00 

0.374? 

0.4  V* 

13.50 

0.5879 

0.ii7,4P 

I4.no 

0,40  lei 

0  4  7  1  , 

14.60 

0.4  16  3 

0.4  7U  5 

1  St  Of* 

0.4  29  1 

0.4  1)46 

15.60 

(1.4428 

0.490? 

16.00 

1.  .45>)6 

0.4947 

16.50 

0.4  706 

0. 4lK'U 

1  7.00 

O.4044 

0.404.3 

17.50 

0.49T 3 

0.5095 

IH.  00 

0.6122 

0.4  1  3? 

10.50 

0.6261 

0.4163 

19.00 

0.6396 

0. 4108 

19.60 

0,6629 

<*•*>?  1  1 

20.00 

0,566  1 

0. 4>  11; 

20.60 

6,5791 

0.  4 ? 4 6 

21.00 

0.6917 

o.4?,>:i 

21.60 

(  ,6046 

II.  41*44 

2  2.00 

v.ulr.7 

0.42/0 

22.50 

!•  .0?n0 

0.427? 

21.00 

<•.640? 

0.4? i 4 

23.50 

(  .64  1/ 

•i.  j  /  7 4 

24.00 

•i.67,  ;i, 

•1.  ,//? 

?■., 

•  ,•  t  *.  i 

4  >49 

25.00 

•/ 

H.4264 

25.50 

«  .',9  V 

<>.  4?5V 

2a.  » ii 

(  .  7  (Ml  4 

4?  j? 

26.50 

0.7  1  70 

5. 5/44 

7 /.on 

n.77/4 

0.42  34 

2  7.50 

3  79 

0.4//4 

PH.  00 

•  ,  Mil./ 

...  4?  Sr 

215.50 

0, 7464 

0.4  1/0 

29.00 

o.7/.;*  7 

6.4  I  I  1 

27.50 

0. 7/19 

-.4  1/,  3 

SO.  UU 

0. 71190 

0.4143 

30.50 

u .  /  ;v» 

•».  » 1  1 9 

31.00 

0 .  '10**11 

0.4093 

51.60 

o.JlM 

(•.4064 

32.00 

(  .*»?  ( ( 

0. 40 35 

52.50 

6.  i»i  70 

(-.41  0  4 

33.00 

<  ...4M 

6.47/1 

33.50 

l.,!.Vll 

T. 47  34 

34. UO 

(,  ,«6  )»> 

9  7 

34.50 

O.'i/.i1 

*».  4 “4 7 

36.00 

(  ,l-H04 

c.4:  1  7 

36.50 

o.»:::  14 

0,4776 

36.00 

0.««96  1 

0,6  7  34 

36.50 

(  .70  17 

0.4671 

37.00 

U  .  V  1  1  1 

0 , 6  66  ll 

57.50 

r.  M86 

•).  6604 

30.00 

( .9266 

•1.454V 

3m.  50 

(  .  7  5? 6 

1.4  >  13 

39.00 

6,9  39  3 

•J.  447.6 

39. 6’.' 

(  .  /»»4V 

*  .461/ 

'i0.f,n 

1  . <5?4 

n  .  6  3  7  1 

4  0.  5C 

f  . 9 4 Mu 

O.Uli  . 

4  1.00 

0.76.0 

0.6, 7? 

4  1. 5U 

0.9/10 

0. 4??U 

4  2.00 

6.9  769 

0*41 69 

42.  50 

(  . 9624 

«».6l  1<« 

43.00 

I,  .  9 MM  1 

0.4(1 7i? 

4  3.  50 

(1.79  J4 

0. 4007 

44.00 

('.9VM4 

(l.  395  1 

4  4.50 

1 .005? 

O.  5«»94 

45.00 

1 .0070 

0.  SM». 

45.  50 

1 .012? 

46.  Ou 

1 .0 lo  1 

0.  17/4 

46.50 

1  .(>?(•/ 

n.  1668 

4  7.00 

1  .112  59 

•  i.  (6  1/ 

4  /  .  50 

1.0274 

0. 3457 

4ft.  00 

1  .(>  10  7 

li.  S4U 1 

4rt,  50 

1 .01  ill 

0, 344 7 

u  v .  Ou 

1  .<1  Sfilt 

■».  3  394 

49,50 

!  ,  U  37  6 

r*  .  3  34  1 

60.00 

1  .  liW."  4 

r*--9 

MACH  NVMOEK  O.v'j  MACH  NUMBER  9.9S 

WIDTH  TO  IENGTH  RATIO  0.  1250  WIDTH  TO  LENGTH  RATIO _ (V25W1  „ _ 


KADlATJOo  .. 
R4515TANLC 
0,0 157 
0.0351 
0.0$ 6 9 
0.080U 

0. 1 06  T 

_ liAlUAILUM.- 

KbACTANOE 
0*0699  .... 
0.1263 
0.1749 
0.2201 
..0*  26.1-5- 

_ _ a  AUlALl  0/t, - JlAWm - 

K£§IS1ANU  REACTANCE 

...  0*OllB  . -CU.UB5 _ 

0.0699  0.1960 

- . —  Q.  1.125 - 0  - 

0.1586  0.3296 

. . _  0.2*002 _ 0*3635 _ 

0.1342 

0,2991 

0.2603 

0.4100 

0.  1 9  34 

0.3334 

0.3J.42 

_ 11*4690 _ 

0,  191/ 

0.3642 

0.3695 

0.5008 

0.2247 

0.3920 

- &*J4252 

.0.5260 _ _ 

0.257,5 

0.4162 

0.4808 

0.5442 

. 0.2H03  _ 
0. 3202 

_ _  Q  ♦  l(.37.0. _ 

0.4462 

0.5354 

Q  b5bb 

0.5863 

0.5628 

0.3510 

0.4719 

.  _ -Urn.  03*4 _ 

— 0.5A19 

0.  3027 

0.4850 

0.6tt?6 

0.5600 

0,4 130 

0.4962 

_  .  0.U2H _ 

0.5520 _ 

0.442/ 

0.5050 

0. 7748 

0.5402 

0.4710 

0.5  120 

0.8129 

-0*5265 _ 

0.  4987, 

0.5177 

0.0478 

0,5084 

0.4261 

.  0,5219 

_  _  u.a/ao _ 

_ 0.4894 

0.4506 

0.5249 

0,9060 

0.4693 

0. 674u 

0.5270 

_  _ 0.9300- 

_ 0.4483 

0.5984 

0.4283 

0.9506 

0.4270 

n^O?1 3 

0.42VI 

0.91,83 

0.4Q5B 

0.64  34 

U .5289 

0.9832 

0.3849 

0.  666  6 

0.5205 

_ o.mo 

-0.3646 

0.6854 

0.5277 

1.0063 

0.3449 

0.  73*60 

0.5262 

1 .0148 

0.3262  _ 

0. 7260 

U .524  1 

1.0220 

0.3082 

0.  7446 

0.52 17 

.  _  . X.02r7-  ...  _ 

_  0.291  1 _ _ 

0. 764U 

0.5IU6 

1.0323 

0.2748 

0. /nU  0 

0.51 50 

1.0358 

.  0.2593. 

O.MO?M 

0.4107 

1.6 386 

0.2444 

0  •  *1 2 1 0 

0.5056 

1.0403  . ... 

0.2301  .  ... 

0.0  389 

U.49VV 

1.0415 

0.2 >64 

0,0563 

0.4V 35 

-1.0416. _ 

_ -0.2033 _ 

0.0/3/ 

0.4864 

1.0411 

0.1900 

0. 8890 

0.4704 

1 .0398 

0. 178  7 

0.904 1 

0.4690 

1.0377 

u.i6r2 

0.919b 

0.4607 

1  .0548 

0.1565 

U. 9539 

0.45  12 

1.0313 

0.  1463 

.  0.9471 

0.4409 

1«U2UL_. 

_ 0*1370.  _ 

0.949  ( 

0.4  504 

1 .02  1 V 

0.12H7 

O.V/Oo 

0.4197 

1.0164 

0.1214 

O.VMl 1 

0.4  OuD 

1 .0 100 

0.1151 

0. V90b 

U.3V77 

...  1.U042  _ 

0.1097  - 

O.VVVl, 

0. 586 7 

0.9977 

0.1058 

1  .50  7i. 

0.3757 

0  •  /  V  1 3 _ 

.  -Q.L03J  _ 

1.0146 

0. 364 u 

0.9853 

0- 1013 

1 . 0?  1  6 

0.35  lO 

O.V773 

8.1QQ5 

1.0277 

0.  34  36 

U.v75V 

0.1010 

1 .053  j 

0.3332 

0.9693 

U. 1023 

1  .DIM 

0.5/30 

0.9654 

0.1042 

1 .04  30 

0.3131 

0.9623 

-0.1067 

1.06  71 

0.  3U  5? 

u . v6C 1 

U.  1097 

1.041/ 

0.2  7.55 

0 . V  5  8b 

0.1130 

1 .0 

8,7585 

U. 1 163 

1.0401 

U./74-j 

O.V',91 

_  L- 1 19U 

1 . 06  111 

0.265 1 

(i.  97,04 

0.1223 

1 .06  5-1 

0  •  2  5  0  7 

0.V621 

U. 1 2.9 

1 , 06  4*) 

0.2464 

0. 9649 

0.1271 

1 . 06  7  7 

0.2371 

-  -U.V6DU _ 

_ U..J206 _ 

1.069? 

0.227ft 

0.9714 

0.1296 

1 . O/OU 

0.2 1U6 

O.V74V 

0.1 JOO 

1  .  .1/(1  » 

0.2096 

0.9785 

0. 129B 

I.L/UO 

0. 2u0rf 

0.V821 

0. 1 292 

1. 0  '0. 

0. 1920 

0.9056 

0.1281 

1  •  06*74 

1 . 06M  1 

0.1264  __  _ 

0.  1  7‘ri 

0.99111 

0.1245 

1 . 066  i 

0.  1674 

0.VV45 

Q.122S _ 

1.0661 

0.1499 

0.9969 

0.1201 

1 . 07, 1  6 

0.1527 

O.VVVl 

0.1116- 

1.041,7 

n  ,  1462 

1 ,0010 

0.1151 

1.0447 

O.JJtO.O.- 

1 .1)026 

O.J  126 _ _ 

1.0424 

0. 1 345 

1.0041 

0.1101 

i.04v ; 

o. livu 

.  1.0Q54 . 

_ 0.1077 _ 

1.0449 

0.1241 

1  .U067 

0. 1053 

1.04  2  3 

0.1196 

_  _ I..UILU  _ 

_  _  0.1020  - 

1.0308 

0. 1 156 

1.0088 

0.1004 

1 .035  V. 

1 .03? 1 

0.1J2L- 

.1.0098. 

0.0980 

0. 1088 

1.0107 

0.0956 

1 .0/0  9 

0. 1058 

_  _  l.UUfi_ 

_ Q-*D930  —  _  _ 

1.0249 

0. 1029 

1.0125 

0.0904 

1.022V 

0.  1002- 

1.0130 

C.Qali _ 

1 . 0 1VV 

0 .09/7 

5- .  0 1 3  5 

0.0848 

..UQ17/V 

1.0140 

1.0138 

0.0018 

0.0934 

1.0139 

0.0738 

1.0112 

o.oym 

1.0136  _ 

_ 0 .0  757  _ 

1.0004 

0,0  UV6 

1.0130 

0.0726 

1,0056 

(UOB/tt 

I.U12J 

Q.Q69T 

l.UU/b 

0.0862 

1.0109 

0.0668 

p.9999 

0.0846 

1.U093 

Q.Q642 _ 

0.9970 

0.0834 

1 .U075 

0.0618 

0.9940 

0.0823 

.  _  -l.UOaJL- _ 

_ (MlSftL 

c.vvio 

0.0014 

1.0031 

0.0579 

0.9881 

0.0800 

1 .0006 _ 

Q. 11566 

0.9,:  4  1 

O.OrtOb 

0.9981 

0.0558 

0.0806 

Q.9966 

0.0553 

n.v/Vii 

0.9932 

0.0552 

0.  V/6,1 

0.0810 

_ 0^910 

.  -0^1556 _  .  .  - 

11.9  74  3 

0.0815 

0.9890 

0.0563 
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KACH  NUHhfcrt  0,75  MACH  .IUMClK  0.9b  MACH  MUHttbR  0.9b 

WIDTH  TO  U.N0TH  RATIO  0.5000  WIDTH  TO  LENGTH  RATIO  1.0000  WIDTH  TO  LENGTH  RATIO  2.0000 


.  OENSKHIitp.. 

_RAU1ATI0N 

RADIATION 

...  iuouium 

RADI  AM  UN 

RAU1A11UN 

RAUIAMON 

FREQUENCY 

RtbJSIANCfc 

KCACTANCL 

kfcSI STANCt 

RHACTAHCi: 

KcSl StANCu 

RcrtC 1 ANCfc 

0.50 

0.0629 

.0.  1713 

0. 1207 

0.2371 

0.^072 

0.2748 

.  1*00 

.  0.1349 

O.ipiJ 

0.2444 

0.35J0 

0. 54117 

o.isiii 

U50 

0.2144 

o.irui 

0. 3607 

0.4256 

0,4596 

0.4003 

2.00 

0.295V 

0.43/6 

0.4681 

CMMt 

0,5540 

0^  4  290 

.....  .  ..X.5S 

.  _  . 0*3?v5 

0.4886 

0.5672 

U  .4000 

0.6405  . 

0.4428 

3.00 

0.li634 

0.4246 

0. 656 i 

0.4923 

0.719U 

0.4441 

1.50 

0.5462 

0,4467 

0,  / 348 

0,4822 

0./900 

0.4337 

4,00 

0 , o2o4 

0,5561 

0.H02 j 

0.4629 

0.6414 

0.4  147 

4.50 

0.7023 

0. 5538 

0.  05 VO 

0.4373 

0.7032 

0.3899 

5.00 

0./729 

0.5412 

0.906V 

0.4074 

0.V466 

0.3605 

_ 5.5.0 _ 

_  0.8362 

.  o.iivr  .  . _ 

_  0,7440 

0.3754  _ 

0.70IU 

0.3284 

6.00 

O.'.ivift 

0. 47U8 

C, 9740 

0.3429 

1.0087 

0.2945 

6.50 

0.7386 

0.4453 

0.W7D 

0.3097 

1.0201 

0.2605 

7.00 

0.V76 7 

0.4101 

1. Olio 

0.2777 

1 .0405 

0.2276 

7.50 

1.005/ 

0,37/V 

1 .024(1 

0.24/0 

1  .0  46j 

0. 1 V68 

8. 00 

1.0261 

0.31/3 

1.0507 

u.2  183 

1.047/ 

0. 1689 

_ 9, .50  .  .. 

_  .  .  _ L.UAtl'j... 

..  ......  U.2V/B 

1,0326..  . 

0.1920 

1.0446 

0.1443 

9.00 

1.0436 

0.2610 

1.050/ 

0.1605 

1 .0304 

0.1236 

9.50 

1.0426. 

o.rr/6 

1  •  0  2  4  j 

0.1484 

1.029/ 

0. 1067 

10.00 

1.0367 

0. 1V8H 

1 . 0 1 »  l 

0. 13lu 

1 .0  19V 

0*0938 

1U.50 

.  1,026V 

0.  174V 

1.0092 

0.1  170 

1.0096 

0.0848 

1  1.00 

1.0140 

0.156! 

0.99V8 

0.1070 

0 . 79V6 

0,0791 

_ J.LtiiQ _ 

_ KVUI5. 

„...  .  ,  0.  1426 

0.770/ 

C. 1 043 

0.7906 

0.0764 

12.00 

0.VHU2 

0.  1339 

0.7H?| 

0.  lull) 

0.9828 

0.0761 

12.50 

0.9/59 

0. 1295 

0.9/57 

0.  1016 

0.V/6V 

0.0777 

13.00 

0.9642 

0.  1289 

U. 9/14 

0.1033 

0.9720 

0.0806 

13,50 

0.9572 

0.1512 

0. VoVO 

O.luol 

0 .7  70b 

0.0843 

14,00 

0.941/ 

0.  1 5/4 

(1.96110 

0.1092 

0.7/0/ 

0.0882 

....  .  .1  _ 

_  _ 0,7494 

0.  14  10 

0.  9702 

0.1120 

U.V72J 

0.0917 

15.00 

0 • 94 VO 

0.  146/ 

0.7733 

0.1  14? 

O.V/44 

0.0946 

15,50 

U.V52V 

0. 1422 

0.77 1  j 

0.1  MJ 

0.9/9/ 

16.00 

0 .9464 

0.  146J 

0. Vn24 

0.  1  14.1 

0 . 7(j4  / 

0.07/2 

16.50 

0,7656 

0. 1592 

0. 7U» 6 

0.  1  14  1 

0.9702 

0.0967 

17.00 

0.9/40 

().  1490 

0.7727 

0.1117 

0.975/ 

0.0949 

_ W .50  . 

.  _ O.VQjU 

0.  1404 . 

0.77/5 

0.1084 

1.0007 

0.09)8 
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APPENDIX  C 

SUPERSONIC  RADIATION  IMPEDANCE 


hach  number 

i  1.50 

MACH  MiiMBDR  1.50 

ft*CH  NUMStfl 

t  1 .50 

WIDTH  TO  LENGTH  RATIO  0.2500 

WIDTH  TO  LENGTH 

RATIO  U.bOOQ 

WI0!«  IU  Ltnaitl  1UM0  O.TaliU 

GENERAL  MIT- 

-  -  RAD4-AU0N 

RAtUAlUiti 

RADIATION 

RADIATION 

frequency 

R5SI  STANCE 

H  t AC  T  £NCt 

Rrsimutre 

reactance 

BtStSffkit 

■:TaTT»lf:3 
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0.7492 
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0.2600 
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0.6565 
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0.2936 
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MACH  NUMBER  1.50 

KiUlM  TO  LfcNyjH  8 M 10 _ UgOOO 

MACH  NUMIlfc  H  1,50 

WJUTH  TO  LENGTH  RAUG  2.U0OO 

/•ACM  NuMUtrt  l*5l) 
h  I DT  M  TO  L  bNG  Til  KAI1C  4.0000 

GENERAL I 7fcQ 

RAOi  A  (  IO?i 

RADIATION 

RADIATION 

RADI  ANON 

RADI  A  1  ION 

FREQUENCY 

RESISTANCE 

8SACUNC6 

RESISTANCE 

REACTANCE 

Mb  SI  STANCE 

reactance 

-O.IB- 

■IJJUWIIIM 

0.0362 

-I09a.  mio. 

0.0404 

-5119,0850 

G.U42S 

— — Z7W 

-25$. 6640 

0.0721 

-l|i.«8U 

Q.OBQS 

-62.6606 

U.UU47 

0,i0_ 

-67.  1B7U 

_ Sj 

-3.1.585  7 

0. |?U0 

-  16,  (Qll  -V 

.  U,  1262  .. 

- - — Uijnr  • 

-?r.ia52 

o.  n»$r 

-12.6S8A 

0, 1584 

-6.3152 

U. 1666 

o.so 

-1 1.U281 

0. 1 7S7 

-5.6921 

0.  IV'fJ 

-2.11245 

Q./U56 

0.60 

oTToST 

-  3;4TiTr "" 

0,2314 

-1.37*5 

0.24  10 

0.  70 

-3.0031 

0,2190 

-  1.4  602 

0.2653  * 

-O.tiB&B 

0.2/84 

ff.ao 

-  1.602  3 

0. 2684 

-U. 7401 

O.Z973 

-0.3210 

OT77  ' 

O.YO 

-0.8222 

0.2960 

-0.3444 

0. 32  7  1 

-0. 1068 

0.  44/6 

-0.3629 

0.3217 

-U. 1020 

0. 1546 

0.0205 

0.  1710 

U  10 

-0.0797 

0.3455 

U.O^O 

0.3/97 

0.1208 

0.396a 

1.20 

0.  1071 

0. 3674 

0.  1598 

0,4025 

0.  180/ 

0.42OU 

1  -  .40 

0.2234 

_ 0^35  7 

0.4227 

0,24  I  V 

0.  44  04 

1.40 

0.3073 

0.4041 

0,2952 

U. 4405 

0.266 > 

0.  '16ft? 

1.50 

0.36  75 

0.4210 

0. 1 488 

0.4559 

0.3245 

0.4/44 

1.60 

0.4 124 

0.4551 

0.376/ 

0.4691 

6.  J58U 

U.4H6  1 

1.  70 

0. 44  72 _ 

0.4471 

0.4092 

0.41100 

0.3902 

Q. 4966 

1.80 

0.4751 

0.4579 

0 . 4 .3  7  V 

0.  4  19  3 

0.5045 

1.90 

0.49H2 

0.4670 

0.4618 

0.4960 

0.4465 

0.5 105 

2.00 

O.bWV 

0.4  747 

0.4873 

0. 50  lu 

0.4  720 

0.5140 

2.  10 

0.5340 

0.4811 

U.5089 

U. 5053 

0.495V 

11.5  1  75 

2.20 

0.5503 

0.4H64 

U.52M9 

0.5080 

0.5183 

0. 5187 

2.3U 

0.564 l 

0.4908 

u. 54 rb 

0. 5095 

0.519  I 

U.5I08 

2.40 

0.5767 

0.4944 

0.5646 

0.51 0? 

0.5506 

0.  5  I  HO 

2.50 

0. 58H4 

0.4974 

0.58U6 

0.5101 

0.5767 

U.5  165 

7.60 

0.5995 

0.4999 

0.5954 

U, 5096 

0.5935 

U. 5144 

2.  70 

0.6095 

0.4021 

0.609.1 

0.50H7 

0.609? 

U.5  12  1 

2.(10 

0.6  191 

0.5039 

0.6222 

0.  5076 

0.6247 

U. 50 95 

2.90 

0.6284 

-0,4056 

0.614  3 

_  0.5U65 

0.637/ 

0. 5069 

3.00 

0.6373 

0,  4ii72 

0.6457 

U .  ‘j  U  ’>1 

0.6499 

0.  5U«*4 

3.  10 

0.6460 

0.5087 

0.6566 

0.5042 

0.6619 

(1.5020 

1.20 

0.6546 

0.4102 

0.66/0 

0.5033 

0.673/ 

0.  49  7V 

1.  10 

C.6631 

0.51  17 

0.67  7  t 

0.5026 

0.684  1 

0.6981 

3.1)0 

0.67  16 

0.5133 

o.cu/u 

0.5021 

0.6V4  7 

U.  4965 

3.50 

0.6801 

0.5148 

0.6967 

O.^QJB 

0. 7050 

0,4952 

3.60 

0.  6090 

0.4164 

u.  /oi)1) 

0.50  16 

()./  15? 

U.  496? 

3.  70 

0.69HU 

0.5178 

0.7162 

0.50  16 

0.7254 

0.6  914 

3.80 

6.  70  72 

0.519? 

0.  726  1 

0.50  16 

0.7156 

U. 6  l/H 

3.90 

u. 7 166 

0.5204 

0. 7462 

0.5016 

0.  7460 

0.6922 

K.DU 

C.  726  5 

0.5214 

(J.  7464 

0.50  16 

0.  756  5 

U.  4  /  1  7 

4.  IQ 

0. 7365 

0.4225 

0. 7569 

U .  50  14 

U./67? 

0.69  IU 

4.70 

U. 7465 

0.572/ 

(t  //./*. 

0.7781 

0.  6  902 

4.  1U 

0. 7469 

0.4729 

0.  7  7HA 

0.5004 

0.789/ 

0.6H92 

4.40 

0.  76  74 

0.5227* 

0. 7  H  V  5 

0.4995 

U. HOO 5 

0.411  79 

4,50 

0, //(*/ 

.0,5218 

JO^QOUA 

0. A9HI 

O.Hl 19 

0.6H61 

4.60 

0. 7889 

0.5207 

0.8)19 

0.4963 

0.0234 

0- 4 «4 2 

4.70 

0.799/ 

0.51 90 

U.82 1 1 

0.49U l 

0.834  8 

0.4017 

4.«IU 

C.flIOl 

0.4168 

\,.}l  14  4 

t  J  ,  4  7  1  4 

0.84  6  3 

0.4  787 

4,90 

0,  H2  1  I 

0.5142 

(>»  84  •»'• 

(1.  HUM? 

0.05/6 

U. 4  75  I 

5.00 

0.8  116 

0.5111 

Cl .  HS/.i* 

0 . 

It  V*“ 

•).  4/11 

WIQ 

Q. HA  I V 

0.4074 

D.H67 1 

0. 4802 

0.1179  7 

D. 4006 

5.70 

0.0520 

O.Sul'j 

o.<:  ’  7 it 

0.47 56 

0.0904 

0.46  1  7 

-5.JU 

0.86)7 

0. 499  1 

u.oufa 

U.Jc/06 

0.9006 

0.456.4  . 

5.40 

0-b71* 

0.4944 

0.8971 

0.4651 

0.9105 

0.  4'iii  * 

5,  50 

0.8801 

0 . 4  M 94 

0.  V06A 

0.4574 

u. v  i  yy 

0. 44 44 

5.60 

C.  008  7 

0.4841 

0.  V  1  *4 

O.  4  *  44 

0. 92011 

0.  4  180 

-**JAL 

0.8V6V 

0,  4  786 

Oj  ??iiL 

0.1't/l 

0,947/ 

0.  4  4  1  b 

5.  HO 

0.9047 

0.4  7  iu 

0  .  V  1  1  7 

0.4408 

0 .  Vb  >  | 

M.  4? », 0 

5.90 

0.9  122 

0.4671 

0.9  5V  1 

0.4  44  4 

0  a  9  5  ?  6 

0.4  1  7(1 

A.UO 

0.V1V2 

0 . 4  fc  1  6 

U.9A6  1 

0.4//8 

0.  75  9  5 

U.  4  109 

A.  10 

0.9259 

0.4458 

0.9526 

0.42  1  4 

0.9659 

11.4040 

6.20 

0.9123 

0.4401 

O.l'tOl 

0.4149 

0. 77/0 

0. 397/ 

6.  10 

0.9  484 

U.4445 

0.9645 

0.4085 

0.9776 

0.  1905 

6.  AD 

0.94 42 

0.4  189 

U. V69V 

0,402? 

O.VH/il 

0.  1(119 

6.5U 

O.YUVf 

0  .  A  1 1 4 

0.9751 

0, 4 #61 

O.9H70 

0.  3 7. *5 

6.60 

0.V55I 

0. 4280 

0.9UU0 

U. 390? 

0.  7925 

0.  4713 

6.  70 

0.9601 

0 .A  226 

U. 7M4 7 

o.  4(14  4 

U. 9969 

U.  4i-52 

A.  HO 

0.9644 

6. A  «  74 

0.9893 

0.4787 

1.0012 

0.  45  9  1 

<..90 

0 .  V  7  04 

0.4121 

11.99  47 

U. 17  41 

1,005  1 

U.  15  1  . 

I'm  00 

C.9751 

0.407/ 

U.VVUO 

0. 4677 

1.0094 

U.  34  79 

1.  10 

0.  91.01 

u.aw  i 

1.002  3 

n ,  4a?  4 

1.011? 

r.  70 

0.9640 

0. 1970 

1.0065 

0.  45  71 

1.0174 

olTirf 

7.30 

0.9HW 

0.  1920 

1  •  0  1 0  7 

0. 1518 

1*021  1 

0, 341/ 

7. AO 

0.9944 

0.  1869 

1.0  148 

0.  1466 

1.0/50 

0. $264 

7.50 

0.999  J 

0. 3817 

l.OliW 

0.  44  H 

1.0/80 

0.  42  U 

7.60 

1.003k 

0.  1764 

1.02  30 

0.  1  iwi 

1  ,  V  1  ?  /. 

0.1157 

7.  70 

1.008  3 

0.1711 

1,0270 

0.  1106 

1.0564 

U.  4  Ul 3 

7. HO 

1.0128 

0. 1656 

1.0310 

U.  1251 

1.0x0  1 

U.  luuo 

7.  VO 

1.017  1 

0. 3600 

l.(;?uv 

0.4194 

1 .  (H1 1  7 

0.  2  9  y/ 

8.00 

1.02  14 

6.. 344? 

1.0486 

0.4147 

1.04  7/ 

U.  2  9  lx 

8.  10 

1.02  54 

0.  1485 

1 4,0  4  2  2 

0. 40  7H 

l.050o 

0.  2H7o 

8.20 

1.029  3 

r,.  342  1 

1.0456 

U.  10  111 

I.051M 

0.2816 

8.  10 

1.0329 

0. 3.162 

1.0489 

Qi?.95  7 

1  • 056  0 

U.  2  7  Vj 

8.  AO 

1.0364 

C, 4100 

1 .05  19 

U./H95 

1,05. '6 

0.26V5 

8.50 

1.0594 

0. 32 16 

1.0546 

0.281? 

1.06?? 

0. 26  ID 

8.60 

1.0424 

0.3171 

1.0571 

U.2/6U 

1.064  5 

0*25  6o 

8.  70 

1,0450 

0.3I0H 

1.0594 

0.2704 

1.0664 

8.  HO 

1.0474 

0. 3044 

1.061? 

0 .  ?  6  4  0 

1.068  1 

0.?i<  1H 

8.90 

1.0494 

O.2VO0 

U06/8 

0. ?5  76 

1.0695 

0.2  3/4 

9.00 

1.0412 

0.7916 

1,064? 

0.251? 

1.0706 

0.  21 10 

y.  IQ  _  . 

1 . 0527- 

0. ?B54 

].Ui)_52 

0.244? 

1.07  1*. 

G,_224  7 

9.20 

1.0519 

0.279? 

1.0659 

0. ?  4B8 

1.0720 

0.  2  I  8> 

9.30 

1.054V 

0.2751 

1.0664 

0. ?  12  7 

_  1.072/ 

(i  2  1  ?5 

9.40 

1.0456 

0.2672 

1 .066  7 

U.226H 

1.(7?; 

0./067 

9.50 

1.0561 

0.2614 

1.066 7 

0.22  1  1 

1.07/tL 

U.7CIU 

9.60 

1.0565 

0.2559 

1.0665 

0.2156 

1 . 0  7  1  -j 

0.  1 95  j 

_  9.70 

1.046/ 

.  Q.25Q1 

1.06*2 

0.2103 

1.0709 

V.  HO 

l.i)56H 

0.245? 

1.0657 

U.?05? 

1.070/ 

u-  *05? 

9.90 

1 .056  7 

,  Q.24Q2 

1.065  1 

.  ej?uui_ 

I.  V691 

0.  1 80  i 

10.00 

1.0466 

0.2153 

1.0645 

0. 1 756 

1. 0604 

‘i,  1757 
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MACH  NUMBER  2.00 

WlUtM  TO  LENGTH  RATIO  0.2500 _ 

MACH  NUMBfiK  J .00 

W1D1H  TO  IENG1H  RAMP _ D.fiOOO 

mach  Number  2 ,Q0 

WIDTH  TO  LENGTH  RATIO  0.7500 

GENERAL  1 2ED 

R AD  1 At  1  ON 

RADIATION 

RADIATION 

RADIATION 

RADIATION 

RADIATION 

reactance 

RESISTANCE 

R6AC7AMCE 

REStVnrocb 

RcA^t ANCE 

~0*1U 

S^Q\b2  . 

—  iiiimniM 

0*02)8 

-9846, 3899 

0.024) 

0.20 

-3565.O7G0 

Bis 

-1782.5300 

U;0435 

- \  188.3500 

TWI u« 

0.30 

-10  18.5900 

0.04H6 

■*509.2920 

-339.5260 

0,0722 

0*40 

-413.7990 

fei^^MlVWY7PT?BHfcs*K^§i 

-206.8950 

0,0868 

- 137 . 92  TO 

0,"55?r 

0.50 

-203.712Q 

0.0806 

-101.8490 

U.  I0B 1 

-67.8941 

0.60 

-113. 1 600 

0.0965 

-56.57 sO 

0.  1293 

-"i/./bfl  4 

Sr  i  t  j  i 

0.70 

-68,2903 

0,1123 

->i. mu  _ 

0. 1502 

-22.7440 

0. 1661 

-43, 7523 

0.1279 

-2I.85B3 

0. 1709 

-14.558B 

0, 1889 

0.90 

-79.3228 

0.  1  U33_ 

-14.6389 

0.1912 

-9.7424 

_  0.2)12 

I.OU 

-20. 34  BO 

0,1585 

-10,1464 

0.211? 

-6.7435 

0.2331 

1.  10 

-  14.51 1 7 

0.1735 

-7.2226 

0.2  408 

-  -4.790? 

0.2545 

~  "  i*2o 

-  10.6764 

0 1 i Hh  3 

-5,2489 

0.2500 

-J.469B 

0.2754 

1,30 

-7. 8421 

0.2029 

-3.8752 

0.2607 

0. 2957 

1,40 

-5.893/ 

0.2172 

-2,8941 

0.2870 

-1.8899 

0.3155 

1.50 

-4.4750 

0.251? 

-2.1775 

0. 3047 

-l.«067 

0.3346 

1.60 

-3. 42?  7 

0.2450 

-1.6436 

0.3220 

-1.0451 

0. 3531 

1.70 

-2.6794 

0.25H4 

- I.23BV 

0.3486 

-0.7694 

0.  3709 

1.H0 

-2,0226 

0.2715 

-0.V272 

0.3546 

-0.S5U1 

Q.38BU 

1.90 

-  1.5526 

0.2H44 

-0.6H35 

0,  3703 

-0.3A66 

0.4044 

2.00 

-  1,  IH43 

0.2969 

-0.49U4 

U • 385? 

-0.2512 

0.4200 

2.10 

-O.HVTi 

0. 3090 

-0.MU5_ 

0. 3996 

-0.141  1 

0.4349 

2.  >0 

-0.6597 

0. 320U 

-0.2095 

0.4133 

-0.0503 

0.4490 

2.30 

-0.4717 

0.3323 

-0. 1059 

0.4263 

0.0258 

0.4623 

2.4  0 

-6.3189 

0.  34  34 

••0,01 98 

0.4.388 

0.U9U4 

0.4  749 

2.50 

-0.  19.37 

0. 354? 

0.0528 

0.4506 

0. 1459 

0.  4867 

2.60 

-0.0905 

0. 364  7 

U. 1 145 

0.4617 

0.  194  3 

0.4976 

2.70 

-0.0045 

0.  3747 

0* 1676 

0.4722 

0.2370 

0. 6078 

2. HU 

0.0676 

0  .  3  rt  4  5 

0.2137 

0.4821 

0.2751 

0.5173 

0.1283 

0.  39.38 

...  .  0.2543 

0.4914  . 

_  0.3095 

0.6259 

3.U0 

l).  17VU 

0.4'J?9 

0.29U3 

0.5000 

0.3408 

0#  5338 

3.10 

0.223H 

0.4116 

U.  3225 

0.5081 

0.3696 

0.54  10 

3.20 

0.26  16 

0.'T?0ft 

0.3517 

0.5155 

0.396? 

0.54  74 

3.  30 

ft. 2944 

O.U280 

0.37B? 

0.5223 

0.4210 

0.5532 

3.40 

Q.  32  .30 

0.4357 

0.4026 

6. 6286 

0.444  3 

0.5582 

3.50 

0. 34  K  1 

0.4431 

0.4251 

0.5343 

0.4661 

-  0.5626 

3.60 

0.  3703 

0.450? 

0.4461 

0.5395 

0.487  1 

0.5663 

3.  70 

0. 3901 

0.4570 

0.4658 

0.5441 

0.5069 

0.5694 

3.  HO 

0.40  ru 

0.4635 

0.4643 

0.5483 

0.5258 

0.5719 

Z.VU 

0.42  3H 

0.469H 

u.Su  In 

0.5  5  2  (I 

0.6138 

(1-5/39 

4.00 

0.4  584 

0.4757 

0.5 1U3 

0.5552 

0.5611 

0.5753 

4.  10 

0.4517 

0.4814 

0.6341 

0.5560 

0.5776 

0.5762 

4.20 

0.4640 

0.649? 

0.5603 

0.5936 

0.5766 

4. 3U 

0.4755 

0.4921 

0.5636 

0.4MI 

0.6089 

0.5766 

4.40 

0.4H59 

0.4971 

0.5775 

0.5639 

0.6236 

0.576? 

4.50 

0,  l»Vl»v*J 

■  ».  SO  IV 

U.6V0U 

0.5652 

0,6378 

0.5ZW 

4.60 

0.5055 

0.5065 

0.6036 

3.5661 

0.6614 

0.674? 

4.  70 

U.5I42 

IT.  5109  _ 

0.6 160 

0.5667 

0.6645 

U. 5  726 

4.00 

0.5777 

0.61  60 

0.62/9 

0.5671) 

0.6772 

0.5/00 

4.9U 

0.53119 

0.>191 

0.6396 

0.5071 

Jufeifr 

U.iftiUJ  . 

S.  00 

0.538/ 

0.5229 

U. 6606 

0.5669 

0.  70  1  1 

0,5664 

_  5.  10 

0.5463 

0.5266 

0.67. 16 

0.5665 

0. 7124 

Q.M.ll 

5.20 

0.5557 

0.5301 

0.6720 

u. 5659 

0.7233 

0.561? 

5.30 

Q.5608 

0.533b 

U.6H21 

0.5651 

0. 7338 

0.  55tL3 

5.40 

0.5678 

0.5367 

0.09/0 

0.5642 

0.  74  39 

0. 5562 

_  StiJi 

U.6/47 

U.539H 

U. 7016 

0.5631 

0.  75  3/ 

U.i'.VU  _ 

5.60 

U.5015 

0.5428 

0.7110 

0.661H 

0,  76  3  1 

0.  5u«y 

5.  7ii _ 

O.bHOl 

0.5457 

0.72OJ_ 

0.5604  .  __ 

-D-./721 

0.5454 

5. HO 

0.5947 

0.5484 

0.7290 

0.5569 

0. 7K»W 

0.54  20 

5.90 

0.6UI? 

0.551 1 

0.f376 

0.5574  . 

0.  7893 

_  0,5385 

6.00 

0.6077 

0.5536 

0.7461 

0.5657 

0.7975 

0.  5350 

6.  10 

0.6141 

.  .0^7  64  4 

6.20 

U.62U5 

0.5583 

0.7625 

0.6620 

0.8131 

0.52  79 

6.  30 

0.6269 

0.5695 

0. 77U4 

i 

_  0,8206 

0.^44 _ 

6.40 

0.6333 

0.5626 

0.7782 

0.54HI 

0.8278 

0.52  08 

6. 50 

0.6397 

0.5646 

_  v.re>v 

^.0^54  61 

0.8549 

0.5173 

6.60 

0.6461 

0.5665 

0.7934 

0.5439 

0.841a 

C • 5 1 37 

(I.  I  U 

t. 75/5 

0.5683 

O.ftOOR 

0.5418 

O.HURS 

0.510? 

6.00 

0.6589 

0.5/00 

0.0081 

0.5  395 

0.8550 

0. 506  7 

6.90 

0.6653 

0.5716 

0,8 154 

0.5373 

DiMlL 

_JkM_32 

7.U0 

0.6718 

0.5730 

0.B225 

0.6  349 

0.8678 

0.4997 

7.  10 

.  .  _ Q*  ft  783 

0 . 5_744 

O.H/96 

JL?5  37_5 

0.8740 

0^_4962 

7.20 

C. 684V 

0.5756 

0  .  H  3  6  5 

0.5300 

0.HB01 

0.4928 

7.30 

0.6914 

0.5275 

0.b86 l 

0._4lU3__  ... 

7.40 

0.6950 

0.57/H 

0.8503 

0.5249 

0.8921 

0.4B59 

7.50 

..  3L.Ji)A7 

. .  £l5I8> . . 

0.U5L1 

_  0.6222 

_ 0.897  9 

0.4024 

7.60 

0.7114 

0.57V4 

0*8638 

0.SIV6 

0.9037 

0.4  791) 

7.70 

.  .  "-U1U 

o.brtog. 

0 . ft7u5 

0.9096 

0.4755 

7. BO 

0.1248 

0.5805 

O.B77I 

0.5137 

0.9152 

0.4720 

7.?U 

0.7316 

- 0.5 BOB 

0,88  37 

0*5 10_7 

Q.92UV 

0.4684 

H*0(J 

0. 738“ 

0.5810 

IJ  ,  H9(l? 

0.5076 

0.9265 

0.4649 

8.  10 

0. 7452 

0.  5H1  1 

0.0966 

_  0.5044 

_  _Q._932U 

0.46  12 

8.20 

0. 7520 

0.  6810 

0,90  30 

0 . SO  1  1 

0.9376 

0.457b 

8.  3(j 

_ 

0 , 5808 

..  0*9094 

0.497  7 _ 

0.9430 

0.4538 

8.40 

0. 7657 

0.5804 

0.9157 

0.494? 

0.94BS 

0.U5OU 

8.50 

0.7725 

0.679V 

0.92  W 

0.4905 

0^38 

0.4461 

8.60 

0. 7794 

0.5/9? 

0.9280 

0.4H6H 

0.9692 

0.442  l 

8.  70 

0 . 7862 

0.,A7B3_ 

. 0.7  34  1 

0 .4  8>I9 

0.9  6 ‘i  >i 

0,4381 

B.  80 

0.7931 

0.5773 

0. 9400 

0  *  4  7H9 

0.9696 

0.4339 

8.  VO 

0. 799V 

.0*A7jll  . 

0.9459 

0.4748 

o. ?run 

0.42^7 

9.00 

G.BC56 

0.5  748 

o.v-jir 

0.4705 

0.979V 

0.4254 

, _ iUJ2 _ 

.  c.dii4 

0.5733  .... 

U. V5/4 

0.9048 

0.4209 

9.?0 

0.820 1 

0.5717 

0.9630 

0.4617 

0.9897 

0.4164 

9.30 

0.8^8 

0.6699 

_ 0^H4 

_Q..4  57J  . 

0.9945 

0.4  11  7 

9.40 

0.8334 

0.568L 

O.V7J7 

0.4523 

0.V9V2 

6.40  70 

. .  9.5J 

C. 8399 

0.5669 

_ 0.9789 

0.4475 

1.0038 

0.40? 1 

9.60 

0*8464 

0.5637 

0.9H40 

0.4426 

I.00U3 

0.5972 

9.70 

_ 

_ LS6613 

0.V8H9 

Q.43/J* 

-  1-0126 

0-  39?  1 

9.80 

0.8591 

0.55BB 

0.99(7 

0.43?? 

1.0168 

0.  3869 

9.90 

Q.8754 

0.5561 

0*99*12 

.  0t4.2/iL.  . 

1.0208 

0.3b  17 

10.00 

0.8715 

0.653.3 

1.0027 

0.4216 

1.0247 

0.  3763 
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5 

1 

MACH  NUMBER  2.Q0 

HACK  NUMBER  2.00 

MACH  NUMBER 

i.oo 

n 

WIDTH  10  LENGTH  RATIO  1.0000 

WIDTH  TO  LENGTH  RATIO  2.0000 

WIDTH  IQ  IENUTH  RnllQ  4.  0000 

1 

GENERALIZED 

RADIATION 

RADIATION 

KAO  1  A  T ION 

RADIATION 

RADIATION 

RADIATION 

i 

FRfQUENCY 

REACTANCE 

RES  I  STANCE 

REACTANCE  ~ 

REACTANCE  . 

a 

O.JU  .  . 

WMJMiM 

0.0254 

-3692.3900 

o.o?n 

-1846.2000 

0.0? eo 

V 

0.20 

-89  1.2660 

O.OS06 

-W.5.65E0 

Q.WF1 

-MS.81'40 

'  o.oisv 

■ 

0.  50 

-254,6430 

0.0757 

-  12/. 3190 

0.00  14 

-63.6565 

QirQ8il6 

i 

■ 

.  o*n6 

-103,4420 

0.1007 

”  1  '-■*>!.  hil 

0*1077 

-25.0529 

0.  111? 

s 

0.50 

-50.9166 

0.1255 

-25.4503 

0.1342 

-12.7172 

0. I305 

. . 0.60  ‘ 

-28.7756 

0.1500 

-l*i.  126*1 

0. 1601 

-  7.05  10 

o. rsoo 

a 

I 

0,70 

-17.0502 

0.1741 

-8.5096 

0.1860 

-4.2393 

0. 1920 

E 

0,80 

-10. MM 

0. 1979 

-5 .4344 

0.?l  u 

-2.6971 

0.2181 

I 

0.90 

-7.2941 

0.221? 

-3.6217 

0.236? 

-  1.7855 

0.24  37 

£ 

1 

1.00 

-5.0421 

0.2440 

-2.4899 

0,2605 

-1.2138 

0.2687 

p 

f 

1.  10 

-3.5739 

0.2664 

-1. 7495 

0.2H42 

-G. 8374 

0.29  31 

1 

T720 

-2.5803 

0.0000 

-  1.2459 

0.5072 

-0.5708 

S 

1 

t 

1.50 

-1.8861 

0.0000 

-0.U9IO 

0.3296 

-0.3943 

0. $397 

r 

1,140 

-1.1674 

0.3298 

•0.6147 

0.3512 

-0*250 1 

0,3619 

1 

1.50 

-1.0214 

0«  $496 

-0.4433 

0.3720 

-0. 1542 

0. 3u3i 

1 

1.60 

-U.  7454 

0.3687 

-0; 2970 

0.3921 

-0.0725 

0.0  030 

* 

1 

1.70 

-0. 5346 

0.3870 

-0.  1824 

0.41IS 

-0.006? 

0.4234 

i- 

s 

1.60 

-0.3694 

0.4046 

-U.0905 

0.4296 

0.0490 

0,4421 

9L 

5 

1.90 

-0.2380 

0.4214 

-0.01b? 

0.4470 

0.0962 

0.4698 

*■ 

2.00 

-o.  ms 

0.4374 

0.0479 

0.4635 

0.  137  7 

0.  4  766 

» 

2.10 

-0.0434 

0.4526 

0.  1019 

0.479  1 

0.  1/4H 

0.49?$ 

~ 

12 

2.20 

0.0294 

0.4669 

0.  1409 

0.4937 

0.2006 

0.  50  71 

2.30 

O.OVI7 

0.4H03 

0.1906 

0,5074 

0.2400 

0.6209 

n 

2.40 

U. USS 

0.4929 

c.?2tfir 

u.woo 

0.2695 

0.5336 

2.50 

0.1926 

0.S047 

0.2625 

0.5310 

0.2975 

0.54  6$ 

2.60 

0.2343 

0.5156 

0.2943 

0.5425 

0.  324  3 

0.  5660 

- 

2.7  0 

0.2718 

0.5256 

0.  3240 

0.5523 

0.3501 

0.5667 

■ 

2,80 

0.3054 

0.534H 

0.  3520 

0.561? 

0.  375  1 

0.5743 

2.90 

0.3377 

0.5432 

0,3707 

0.56V 1 

0. 3994 

0.5020 

3.00 

U. 366 1 

0.5507 

0.404  1 

0.5/60 

0.423  1 

0. 6087 

a 

3.  10 

0.  39  31 

0.5574 

0.4205 

0.5821 

0.446? 

0.5944 

r 

3.20 

0.4185 

0.5634 

0.4520 

0.5073 

0.4607 

0.699X 

3. 30 

0.4425 

0.56HS 

0.4747 

0.5916 

0.4908 

0.6031 

3.40 

0.4652 

0.5729 

0.4966 

0.5951 

0.512$ 

0.6062 

3.50 

0.4864 

0.5766 

O.bl 79 

0.5970 

0.5  3.3  3 

0.608$ 

" 

3.60 

0.5076 

0,5/96 

0.5  3b4 

0. 599  7 

0.5539 

0,6097 

3. 70 

0.52  75 

0.5820 

0. SSrtU 

i).  6008 

0.5/39 

0.6 10$ 

3.8U 

0.5465 

0.5837 

0.5777 

0.60 1 3 

0.5933 

0.6101 

p 

3.90 

0.5644 

0.5847 

0.5965 

0.60  1  1 

0.6)23 

U.  6092 

4.00 

0.5825 

0.5853 

0,6146 

0.6002 

0.6307 

0.60  77 

=! 

4.  10 

0.5995 

O.SBW 

U . 6  372 

0.5VHH 

0.6405 

0.6056 

X- 

4.20 

0.6158 

0.5847 

0.64VI 

0.596H 

0.6658 

0.60?tt 

F' 

4. 30 

0.6515 

0.5837 

0.6655 

0.5943 

0.6825 

0.5996 

4.40 

0.6467 

0.5822 

0.6111$ 

0.59  1  $ 

0.6986 

0.6960 

**•60 

0.6613 

0.5803 

0,6965 

0.5079 

U.  7142 

0.6416 

t 

4.60 

0.6/53 

0.5781 

0. 7112 

11.5840 

0.  729  1 

0. 50/0 

f 

c.to 

O.^net* 

o. *■/•>*. 

0.725$ 

0.5799 

0.  74  35 

<».  6020 

P 

4.00 

0.  70H» 

Or*.  726 

U. 7  $00 

0.5754 

0.7573 

0.576/ 

4.90 

0.7  14  3 

0.569b 

0. 7510 

0.5/06 

0. 7705 

0.67  1  1 

0 

5.  no 

0. 776 4 

0.566  1 

fl.'/M.? 

9.565*. 

(»•  7 13  *  1 

0.  565$ 

t 

5.  10 

0.  7  3  74 

0.562S 

U. 7761 

0.5603 

0. 79 5? 

0. 6593 

i 

5.J0 

0.  7490 

0.S5H7 

0.78  75 

0.5549 

0.0067 

0.66  31 

5.30 

0.7596 

0,554  7 

0.79O3 

0.5494 

0.**l  It 

0.5467. 

£ 

5.40 

0.7698 

0.5506 

0.800/ 

0.5437 

0.820? 

0.540$ 

St  SO 

0. 7796 

0.5464 

0.8106 

0.5300 

0.H38 1 

0.  63  30 

e* 

5.60 

0.7891 

0.542  1 

0.8201 

0.5  322 

0.04  76 

0.52  72 

i 

5.70 

0.7481 

0.5378 

0.8371 

_  0,5264  .. 

0 • 85  6  0 

0.5207 

5.HC 

0.8060 

0.5334 

O.BR'jf 

0.5205 

0.8651 

0.  614  1 

S.  90 

0.8152 

0. 5290 

0.8539 

0.5147 

0.8  7  3? 

U.5076 

6.00 

0.8232 

0.52*6 

0.86  1  7 

0.5009 

U.8UUV 

0.5011 

6.10 

0.8  309 

0.520? 

0.H6VI 

0.503? 

0.8882 

0.4V47 

6.20 

0.8  384 

0.5158 

0.8763 

0.4975 

U.UV5? 

0.  4UMU 

0.30 

0.8456 

0.5H4 

O.HdJl 

0.4.920 

0.90  19 

0.4H2X 

6.40 

0.85X6 

0.5071 

0.8096 

0.4865 

0.908? 

0.0762 

6.50 

0.8593 

0.5028 

0,8959 

0.  1010 

0.9142 

u.uro? 

6.60 

0.8658 

0.4706 

0.9020 

0.4/67 

0.9X00 

0. U6Uu 

6./U 

0.8727 

fl.494  3 

0.9070 

_ _ u.R^us 

0.9256 

0.058/ 

6.80 

0.8  784 

0,490? 

0.9134 

0.4655 

0.9309 

0.  4531 

6.90 

0.8044 

0.4Hf>  1 

0.9100 

0.4605 

0.9  360 

0.44  77 

7.00 

0.8403 

0.4821 

0.9241 

0.4556 

0.94  10 

0.  44?4 

7.  10 

0.8V6 | 

0.478  1 

0.929? 

0.450b 

0.9450 

0.4  3  7X 

7.20 

0.9010 

0.474  1 

0.9  342 

0.4462 

0.9506 

0.4$?? 

7.30 

0.9073 

0.4702 

0.9391 

0.4416 

0.9650 

O.U272 

7.40 

0.9120 

0.4664 

0.9439 

0.4371 

0.*Sv5 

(1.4224 

7.50 

0.9102 

0.4625 

0. 94117 

_ S>.  4  3?  7 

Q. V6J9 

0.4 1 70 

7.60 

0.9236 

0.4587 

0.953$ 

0. 4 ?H  $ 

0.960? 

0.4132 

7.70 

0.9289 

0.4549 

0.9579 

0.424  1 

0.97X4  . 

0.4086 

7.80 

Q.934I 

0.461  1 

0,9625 

0.4198 

0.9767 

0.404/ 

7.90 

0.939$ 

0.44  n 

0.9670 

0.4157 

0. 9H08 

0. $990 

8.00 

C. 9445 

0.44  15 

0,97  i6 

0.4115 

0.9850 

0. 5465 

8.  10 

0.9496 

0.4397 

0.975? 

0.4074 

0,909 1 

0. 3912 

8.20 

0.954  1 

0.4358 

0.9003 

0.403? 

0. 9V  i? 

(»,  3869 

U,  JO 

0.959 T 

0.4319 

0.9047 

0.3991 

0.9973 

0. 38? 7 

8.40 

0-9647 

0.4280 

0.90V 1 

0.3V50 

1 . 00  1  $ 

0. $/Hb 

8.50 

0.9697 

0.4240 

0.9935 

0. 3900 

1.0064 

0.374? 

* 

8.60 

0.9/46 

0.4199 

0.9970 

0. 3866 

1.0094 

0. 3699 

8.70 

0.9795 

0.4158 

1.002* 

0. 3823 

1.01  34 

0. 3656 

0.80 

0.9043 

0.41  16 

I.UU61 

0.3700 

t.UI 74 

0.  3M$ 

8. 90 

0.9091 

0.4073 

1.0106 

u.stst 

1 . 02  15 

0.3569 

i 

9.00 

0.9930 

0.4029 

1 .0140 

0.3692 

1.026  3 

0. 3524 

9.10 

0.9985 

0.3VB4 

1 .OlHV 

-  0. 364  7 

1.0291 

-0.  3_4_// 

9.20 

1.0030 

0. $939 

1.0250 

0. 3601 

1.03X9 

U.34  $$ 

9.30 

1.0075 

0.509? 

1.0270 

0.3555 

1.036/ 

_ Us.15V.fr _ 

i  9.40 

1.011V 

0.  3045 

I.OJyV 

0.350/ 

1.04  04 

0.  3  3  3b 

t  _  _ 9,50 _ _ 

1.0162 

0.3796 

1.0  34/ 

0 • 3458 

1.0441! 

0. 328V 

■  9.60 

1.0204 

0.3746 

1 • 0  $85 

0.  34CV 

1.04  76 

0. 3240 

9*  00 
9.90 


1.0263 
1.0  321 


0.  36<« 

0. $5V? 


1.0456 
I  .04  90 


0. 3$U7 
U.52S5 
U. 320? 


1.064$ 

l.obh 

1.0600 


o.!Ha 

0.  30U6 
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MACK  NUMBfcR  2.50 

WIDTH  10  LfcNGTHKAUO _ 0.-2500 

HACK  NUMBER  ?.50 

_ H ID1  H_10  IEN0TH  RAM  Q.._  0.5000  _ 

MUCH  NUM»i«  2.50 
wlOlM  IU  LENGTH  RATIO  0. 7'jQU  _ 

dEaEfUliJED 

R.OIMtON 

■Hill 

K.UfMION 

RADIATION 

KftDIAT I0B 

■  MgJUgNCY 

ROmanc* 

*6A£UN(.i; 

KbSUTiNOg 

KSAtUllCt 

KtsisllNCE 

nEWristt 

- 0-U>._ . 

•  655  7-1 .7998 

o.omo 

O.Ol'/B 

_  1857  »?99d 

0.0191 

0.20 

-3037.3199 

0.0201 

-40 18.6600 

^/rrvnloo 

OJ 0182 

0.40 

-2334.2  700. . - 

_ 1 _ 

-U67.HOO 

0.0533 

- 778.0BBQ 

0.05/3 

0,40 

-404.8740 

-482.4340 

0.0709 

-321 .6210 

aTSTii 

0.50 

-483.8270 

-24 1 .9090 

0.0885 

-1ft  1.2700 

0.0952 

0.60 

-274.0940 

0.0839 

-1  37,04  10 

0,  1060 

-91.1566 

0. 1  tug 

0.70 

-168.8910 

0.0977 

0-  1234 

-56.2860 

0.  132  7 

0,80 

-110.6520 

0.1  i  lift 

-55.3153 

0. 1407 

-16.B696 

0.  1512 

0.90 

-7S.V6IV  . 

0.  Uil 

-1 I.VtlH 

0. 1578 

-25.3025 

0. 1696 

1.00 

-54.0963 

0.  I.3b6 

-27.0310 

0.  1748 

-  10.0097 

0. t»78 

1.  10 

-39.6793 

0.  1521 

-19.8197 

U. 1916 

-13. 1 9 V4 

0.2058 

1.70 

-29.8181 

0.  1654 

-14.BH54 

0.2082 

-9,90/4 

U.223C 

1.  50 

. _ -2!. HIM 

0.  1  787 

-  1  1 .4045 

0.2246 

-7.58  39 

0.24  1  1 

1.40 

-  1  7.8320 

0. 1917 

-8.8843 

0,2408 

-5.9009 

0.2584 

1.5Q 

-m.no> 

0.2047 

-7.0189 

0.2568 

-4.6541 

0.2/54 

1.60 

-  1  1.3048 

0.2175 

-5.6110 

0.2725 

-3.7122 

0.2921 

1.70 

•i^eurtb 

0.28/9 

-2.98ft? 

0. 3085 

1.80 

—  ? .  4  80  3 

0.2476 

-3.6882 

0.30.31 

-2.4231 

0.3246 

1.90 

-ft.  16  12 

UiZinv 

.  -3.02  30. 

0.317V 

-i 

0.3403 

?,oo 

-5,  1091 

0.2670 

-2.491 1 

0.3325 

-1.617  1 

Oj 3557 

2.  10 

-4*2617 

0.2790 

_  -2. 0610 

0*_34_6_7  _ 

-1.326? 

0.  4  /  00 

2.  ?0 

-3.57  10 

0 • 2907 

-  1.  7096 

0.3607 

-  I.UK/5 

0.3854 

2.  50 

-3. 004U 

0. 3022 

_ -I.B  WB 

0.3742 

-()•  HH90 

0. 3997 

2.40 

-2.5  554 

0.3136 

-  1.  1785 

0.38/5 

-0.  724  3 

0.4 I 56 

2.50 

-2.  1442 

0.324  7 

-0.9/59 

0.4004 
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U. 46  12 

1.0103 

0.4406 

_ y.w  . 

_ «.<<>  H _ 

_ ft. 5 >65 

_ 1UM-- 

—  0.4447 

-  .  I.U142 

0.  4  3  57 

9.20 

0*  V  664 

0.4  7»U8 

1.0004 

0.4  582 

1.017/ 

0.426B 

V.  50 

0,9696 

0.4662 

1 . 0  0  4  1 

0.45  1U 

1-021  3 

0. 4201 

V.  40 

0.4737 

0.4495 

1.007ft 

0.4264 

1.6246 

0.4  1  34 

7. SO 

0.9776 

0,4440 

1 .0  109 

0.419? 

1,02/6 

0.4U6H 

9.60 

0.9812 

0.4  384 

1-0  140 

0 .  l  50 

1 . U  304 

0.4003 

V.7C 

O.VB47 

.0^4  530 

.  1.0  16V 

0.40  70 

9. HO 

O.VHHU 

0.42  76 

1 .0  1  // 

0.40  10 

1-03,5 

IK  38  7  7 

9. VO 

0 . V4  1 2 

O.U223 

.  1 .0?£2 

0. 3961 

1,037/ 

0,  58  16 

10.00 

0.994  3 

6.4 l 7  1 

1.0247 

0. 3HV4 

1.0.399 

0. 3755 
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MACH  NUM&EH 

3.00 

Until  NUMBER  5.00 

MACH  NUMBER  3.00 

talDTH  TO  LENGTH  RATIO  0.2500 

_ SUltH  Tl’LiMTH  RATIO  OliOOO 

WIDTH  ID  LENGTH 

RATIO  0*  7500 

GENERAL  USD 

RADIATION 

RADIATION 

RADIATION 

KADI  AT  ION 

U  ADI A! ION 

KADUI  ION 

~  fO.tQUtSCV 

■—limn 

:T>  TjFfTCTiTJfr/SiBaM 

RES! STANCE 

ftCACTANC*. 

«\-SI<(ANCf 

rFScTIHce  1 

0.  10 

-  120/03.0000 

1 IH 1 1  f 

0.0150 

-40254.1999 

0.0)59 

—  II  Mill  1  — 

—  n  1 1 1  ii  ii  m 

0.30 

-4357.3100 

0.0372 

0.0450 

-  1 452. 4,300 

O.OWT  . 

0*40 

-lau.sAoo 

T.0W6 

-loTTTliOO 

0.060V 

- 004 .7860 

sVSBii 

0.50 

-9  It. 7290 

0.0620 

-458.3620 

0.0749 

-305.4730 

0.0793 

'  0,60  1 

’  ‘  "  -523.4390 

0.0743 

-261.7150 

0.0898 

-  I7R,  4/Rli 

0.0951 

0.  7Q 

-325. 1710 

0.0866 

-  162.5800 

D.  1046 

-  108.  .38.30 

0. 1107 

0.80 

-214.8510 

0.0908 

-lOf.UWO 

0. I  194 

^i.iora 

0.90 

-  140.7970 

0.111(1 

-74,3fiV^ 

0.1341 

-4V.40M 

0.  1419 

1.00 

-106,9400 

0.  1252 

-53,459! 

0.  1487 

-35.632 1 

0.  1573 

1.  10 

0.  1  353 

-3V.5B29 

0. 1632 

0. 1726 

1.20 

-60. 1076 

0.  1473 

-30,0.3b? 

0.  1/75 

-20.0150 

0. 10/8 

1.50 

-46.574 1 

0.1592 

-23.2688 

0.  IV  I a 

-15.4002 

0. 2029 

1.40 

-36.7257 

0.171 1 

- 18,34  17 

0.2060 

-12.2136 

0.2)70 

1.50 

-29.3987 

-14.67‘j  1 

0.22U0 

-V. 767 1 

0.2  326 

1.60 

-23.8422 

ilfcniv 

-1  1.89  36 

0.2339 

-7.9106 

0.24  73 

1.  70 

-  19.56/4 

0.2061 

-9.  74/7 

0.2477 

-6.4777 

0.2618 

1,00 

-16.2039 

0.21/6 

-8.06/3 

0.2613 

-5. 3550 

0.2761 

1.90 

-  1  3.544/ 

0.2290 

-6. 733V 

0.274  7 

-4.4634 

0.2902 

2.00 

-11,41  1 A 

0.2402 

-5.6611 

0.2879 

-  3.  746V 

0. 3041 

2.  10 

-  9 ,  6  ti  1  1 

0.2514 

-4  .  79  39 

0, 3010 

-3.1646 

0.  3P8 

2.20 

-U.2647 

0.2626 

-4,0814 

0.3139 

-2.6866 

0. 3314 

2.30 

-7.0949 

0.2733 

-3.49 19 

(1.  f?66 

-2.2906 

0. 3447 

-6.1210 

0.2840 

-3. 0002 

0, 3191 

-1.9597 

0.  3570 

2. SO 

-5.3043 

0.294  7 

-2.5H/U 

l).  3514 

-  1.61109 

0. 3706 

2.60 

-4.6146 

0. 305! 

-2.23/1 

0, 3635 

-  1.444  3 

0. 3032 

2.  70 

-4.C2B5 

0. 3155 

-  1. 9389 

0.  375  3 

-  1.2420 

0. 3946 

2.00 

-3.52/6 

0.  525/ 

-1.6831 

>.  3870 

-  1.0679 

0.4077 

2.90 

-3.0969 

0.3357 

-  T.R6/I 

0. 39H4 

-u,, 1 fo 

0.41V6 

3.00 

-2.  7249 

0.3456 

-  1.2/0/ 

0.4095 

-U. 7854 

0.43)1 

5.  10 

-2.40  IV 

0.3583 

-  1.  10S4 

U. 4205 

-0.6702 

0.4425 

3.20 

-2.  1201 

0.3648 

-0.956/ 

0.4311 

-0.5684 

0.45)5 

3.  30 

-  1.0  7  3.5 

0. 3  742 

-0.82/3 

0.4415 

-0.47HI 

0.4643 

3.40 

-  1.656  1 

0. 38  34 

-U.  IUt> 

0,4517 

-0.3976 

U.4/47 

3.50 

£\  -  ' •  $?£ ?~r- HMrlrv^V 

Jm  60 

-  5*/V«t  1 

0.401 5 

-0.5191 

0.471? 

-0.2602 

0. 4940 

3.  70 

-  1.14  2  7 

0.4100 

-U.4  369 

0.4806 

-0.201 1 

0.4044 

3.  no 

1.00/4 

0.4185 

-U. 3628 

0. 4897 

-0. 1473 

0. 511/ 

3. VO 

0 .4/611 

-0.2956 

U. 4985 

-U.OVH 1 

0.4226 

4.00 

-  0.  7  7  72 

0.4  349 

-0.2344 

0.5071 

-0.05?« 

0.4313 

4.  10 

-0,67  bb 

0.4424 

0.5155 

-o.ono 

Q.55V6 

4.20 

-0.50V 7 

0,4506 

-0.  l?7u 

0,52  33 

0.0279 

0.54/7 

4.  30 

-0.5(18(1 

0.4  5H? 

-0.0/9/ 

0.5310 

0.064  0 

0-  4554 

4.40 

-0.4351 

0.4655 

-0.0359 

0. 5384 

U.0V7V 

0.4620 

4.50 

-0.  36  70 

0.4727 

0.004U 

0.5455 

O.I2V7 

. 0.S69II  . 

o 

-  0.50M 

0.4  796 

0.0427 

0.5523 

0.159/ 

0.4/66 

4.70 

-0.2494 

0.4864 

n.ita  l 

0. 55130 

0.1001 

U.-5U1U 

4. HO 

-0.  19  7? 

0.4730 

0.1114 

u. 565 1 

0.2  14*' 

u. 589 1 

4.90 

-0.  1409 

U.4VV5 

0.  14/7 

0.5710 

O  ..240/ 

0.5V4V 

5.0« 

-<j.  lom 

0.5055 

0.  i  m 

0.5/67 

0. 265? 

(J.  6004 

jf.  10 

-  (1.07.25 

U .  5 II 5 

0,2002 

U.  jIJI’O 

_ !2±*o:^  - 

b.  20 

-0.02  3(1 

0.51/2 

0.2268 

0.58/1 

0. 31  1? 

0.6103 

b.  10 

0.0124 

0,5228 

U.25Z1 

- . 0^5919 

_  0^- 3-12.9- . 

_ O.fel^d _ 

5.4U 

0.04  6  3 

U.5282 

0. 2  7o  3 

U. 5964 

0. 34  39 

0.6I9U 

5.50 

0.0 /HI 

0.5333 

0,?994 

0.60U6 

0.  374  1 

U. 6270 

5.60 

C. I0M0 

0 . 5  3H  5 

U. 3?  16 

0.6045 

0.391/ 

0.6264 

b.ro 

0.136? 

0.54 31 

0, 3429 

o.oau? ... 

0.4121 

_ _ 

5.UU 

0.  1629 

0. 54 // 

0.  36  34 

0.61 15 

0.4311 

0.  6325 

b.90 

0. 1  HO  1 

0.5520 

0  .  38  32 

0.6146 

11.4  49  1 

0. 6341 

6.00 

0.2121 

0.5562 

0.4023 

0.61  74 

U.4666 

0.  6374 

6.  10 

0.2  349 

n.560? 

0.U2UB 

0.619V 

0.4  810 

0.6  394 

6.  V0 

0.256/ 

0.5640 

0.4 387 

0,6221 

0.4003 

0. 64  1  1 

6.  10 

U.2//5 

0.5676 

0 . 4  56  1 

0.624 1 

0.  j!6‘. 

0.  6425 

6.40 

0.29/5 

0.5710 

0.4/29 

0.625B 

0.4324 

0.  6'j  16 

6.50 

»J.  5164 

0.5/43 

0 . 4  H  9  3 

_  _iW/_3__ 

0.4479 

0.  644 1| 

6.60 

0.  554  / 

0.5773 

0.5053 

0.6285 

0.5631 

0.  6449 

6  .  7  U 

0.  3 ‘» 2 2 

O. 5 HU? 

0.5 ? on 

0.6294 

0.5/79 

0. 6452 

6.80 

0.36V! 

0.582H 

0.5.360 

0.63U  1 

0.4925 

0.6452 

6.90 

0 , 5055 

O.S853 

0.5508 

0. 6306 

0.6067 

0.6449 

7.00 

0  •  40  1 2 

0.5877 

0.565? 

0^6  308 

U.6207 

0.6444 

7.  10 

0,4164 

U . 58 VB 

U.579? 

0.6  30  7 

0.6344 

0.  64  36 

7.20 

0.431? 

0.591b 

0.5930 

0.7,305 

0.64  la 

0.6426 

7.  10 

0.4455 

0.59.36 

0.6064 

0.6300 

0.6609 

0.6411 

7.40 

0.459  3 

0.595? 

0.6  195 

0.  f,29  3 

0 . 6  7  3(1 

0,6397 

7.50 

0.4720 

0.5967 

0.6  3?U 

I)*  628  3 

0.6863 

0.6300 

7.60 

0.4(550 

0.5980 

0.6449 

0.6?/? 

0.6987 

0.  6360 

7.70 

0 . 4  V  0  5 

0.59V 1 

0.65/2 

_  OtiJiiV 

OjJLLOB 

0.  6.350 

7.80 

0.5109 

0.6001 

0.6691 

0.624  3 

0.7220 

0. 6316 

7.90 

0.5230 

0.6010 

0, 6809 

0.6R26 

0.  7  342 

0.6287 

8.00 

0.5  34  7 

0.601 / 

0.6V? 3 

0.6207 

0.7455 

0.6259 

8.  10 

0.5462 

0.6022 

0./C55 

0.6186 

0.  7560 

0.6229 

8.  20 

0.55/4 

0.6026 

0./  145 

0.616  3 

0.  76/4 

0.6197 

a.  lo 

0.5685 

0.6029 

0,7?V? 

0.6138 

0.7780 

0.6163 

8.40 

0.5 78V 

0.6U3C 

0.7  356 

0.611? 

0. 7884 

0.6127 

8.50 

0.5H94 

0.6030 

0.7459 

0.608  5 

0.7905 

U. 6090 

8.60 

U.5V96 

0.6029 

0.755b 

0.6055 

0.8004 

U.6U51 

8.70 

0.6095 

0.6026 

0.7656 

12^6025 

0.0180 

0,6011 

8.BU 

0.6  193 

0.6022 

0  .  ■  7‘>  1 

0.59V 2 

0.8274 

0.5969 

8.90 

0.6209 

0.601 / 

_  D./aw 

0,5955__ 

0.8366 

0.5926 

9.00 

0.6  5H2 

0.601 1 

0.7935 

U.5924 

0.H456 

0.5081 

9.  10 

0.64 / 4 

U«09U4 

_ II.UO-M 

0-5888 

0.8441 

Q.4835_ 

0.6563 

0.5995 

0.8110 

0.58b  » 

0.862/ 

0.5/HV 

9.3U 

C.665  1 

0.5986 

O.H 194 

0 . 58 1 3 

0, 0  7J9 

0.  574  1 

9.40 

0.6/37 

0.5975 

0.82/6 

0.5774 

0.8/90 

0.569? 

9.50 

0.6H2? 

0.5964 

0.8  356 

.  y.'iUl _ _ 

C  .  8068 

0.5642 

9.60 

0.6904 

0.5951 

0  ,8433 

0.569? 

0. 894  3 

0.5591 

9.  70 

0.6985  _ 

.  .0,59^ _ 

0»ti5U7. 

_ Q-.-5650_  _ 

O.VOlf 

0.553V 

9.80 

0. 7065 

0.5923 

b.HS»»3 

0.5607 

0.9080 

0.5406 

9.  VU 

0.7145 

O.5V0H 

0,06  ,4 

0,^564 

_  ..  4L,yJ.'iC_ 

9,5433 

10.00 

0. /2  1  V 

0. 5892 

0,8/24 

0.5519 

0.9224 

0.5379 

WADO  TP.  61-75 


13? 


•  ■ 

MACH  NUMBER 

3.00  • 

MACH  NUMBER  3.00 

MACH  NUH0EK  3.UU 

WIDTH  TO  tiXUIUJUliQ _ 1.0000 

111 1  wumiim  M  1.1111  — 

■ntiUDuwncnin 

HAIIO  4.OU0O 

KAOUT  ION 

RAOUMON  _ _ 

RAOIA1 ION 

RADI AI ION 

raiOd^NCY 

RESISTANCE 

WACTANCE 

HfTTtrWI 

REACTANCE 

nt-sisuNde 

Rb AC  TANCfc 

0.  10 

-J6in.  WB 

0*  0  1 64  __ 

0.0170 

-754.1,9399 

0.01  73 

- - or 

“^3»2Ti.2a00 

OiflWT 

—  II 1  III!  1  ■ 

O.U3,0 

0,04 47 

0.  50 

-1089.5500 

0.0490 

_ -W.t6?0 

0.0510 

-2  7?. 5100 

0, 0520 

i.,o 

-453.5880 

0.0655 

-226. 7920 

0.06  79 

-  1 13.  394*0 

0,0692 

0,50 

-229,1700  _ 

0  .  Ob  1 5 

-1 14.5860 

0. 0848 

-57.2904 

0.0065 

(MO 

-130.8S40 

0.09/7 

-65.4229 

0.  1016 

-32.  7075 

0. 1016 

0.  70 

-81.2047 

_  0.1U8 

-40.6170 

0. 1 184 

-20.11 31 

0.  120/ 

o.ao 

-53.7023 

0. 1298 

-26.044  1 

0  *  1351 

-13.4150 

0.  1377 

o.vo 

-57.1859 

0.1458.. 

_ *18 .5840 

_  0.  i5it» 

-9.2831 

0.  1546 

l.Ou 

-26. T  186 

0.1616 

-  11,  440i 

0. 168) 

•6.6632 

0.1714 

U  10 

-19.7782 

0,  1774 

-9.8769 

0.  1845 

-4.9247 

0. 1800 

UJO 

-15.0054 

0.  mo 

-7,4860 

0.2007 

-3.7273 

0.2045 

1.50 

-1 1.6160 

0.20BH 

_ ~ i> .  ?HV6 

0.2167 

-2.8/64 

0.2209 

1.4U 

-9.1495 

0.2238 

"4.5534 

0.2327 

-2.2554 

0.25  71 

1.50 

-7x3131 

_ 

-3.M22- 

0.2484 _ 

-1.7917 

_  0.251;- 

1.60 

-5.919  1 

0.2540 

-2.9  41V* 

- 1.4182 

- v.-nn‘l/ - — - 

U70 

'V, --.Vt  x 

0.?W 

-1.1619 

0.284  7 

1.80 

-3. WHO 

0.2835 

-1.9645 

0.2946 

-0.9474 

0.1001 

1.90 

.  _  rA,i<^- 

0.2979 

“  L*&£5“  _ 

0. 199$ 

-0. 7740 

0. 5164 

>.00 

•2.78H0 

0.3122 

-1.3516 

0. 3243 

-0.6310 

0.  3.104 

2.  10 

-2,  5499 

0,1241-.. 

_ -1.1280 

.1.  11HV 

-u. 4  t  fu 

U.  34  6/ 

2.20 

-  1.9895 

0.3401 

-0.9412 

0.351? 

-0.4202 

0. 1597 

2.50 

-  1. 6900 

0 .ib»l 

•0.7890 

0. 3673 

0.1740 

2.40 

-  1.43V4 

0.5671 

-0.6590 

0.  18  n 

-0.7680 

0. 1881 

2.50 

-  1.22  79 

0. 1H0? 

-0.540? 

0.  1946 

-0.7006 

0.401k 

2.60 

-  1.04  79 

0. 3931 

-0.4553 

0.40/9 

-0. 1560 

0. 4153 

2.  70 

-0.H9  16 

0.4057 

-0.17U9 

0.4209 

-0.  1  0V7, 

0.  42H4 

2.80 

0. 7605 

0.4  101 

-0.2909 

0.4316 

-0.0682 

0.  44  1U 

2.90 

-0.6444 

-0.2155 

0.4460 

-0.0110 

0.4540 

1.00 

-0.547V 

0.UU19 

-U. 1 79 1 

0.4501 

0.0G7U 

0. 466? 

5.  10 

-0.4516 

0.4515 

~U  •  1 2d6 

0.4  700 

0.0139 

U.  4  70? 

5.20 

-0.  3741 

0.4647 

-0.0831 

0.4815 

0.0625 

0.  4H9« 

1.50 

-0.  5036 

0.4  756 

-0.04 1 7 

0.4926 

0.089? 

.0.  5.0JjL_ 

l.llU 

-0.2401 

0.4H62 

-U.001H 

0.5015 

0. 1  14  1 

0.5121 

i.50 

-0.  1827 

0.4V66 

0.031  1 

_  0.5140 

0. 1 3hO 

0. 62?h 

5.60 

-0.  1  5u7 

0.5066 

0,06.15 

0.5242 

0. 1606 

0.63  50 

1.  70 

-  0.  OH  3? 

0.5  163 

0.0917 

0.514  1 

(1.  182  1 

0.5410 

3.80 

-0.0196 

0.5256 

0.  1220 

0.54  16 

0 .2079 

0.5576 

1.90 

O.OOU/ 

0.5(47 

(l.  1 4  80 

0.5527 

0.2229 

0,  5e>  18 

4.00 

0. 01 HO 

0.5434 

0.U42 

0.5616 

0.242 J 

0. 5706 

4.10 

0.0728 

0.S5IB 

.  0.1904 

U.5  700 

0.2612 

0.5791 

u.?u 

0. 1045 

0.5599 

0.2915 

0.5/81 

0.2797, 

0.58/5 

__  _  .  4.50 

Oc 135V 

0.5676 

0.24  3  7 

0.585 7 

0.2976 

U.595U 

4.40 

0.  1648 

0.5750 

0.2651 

u.'.vii 

0. 115.1 

0.611?, 

4.50 

_ .  01W22 

0,5820 

P,2P5V_ 

(1,6001 

0 . 1 17  7 

U. 6(1/4 

4.60 

0.5HH7 

0.1060 

0.60/0 

0.  14V  7 

0.  Mil 

.4,70 

-  0.24JI 

0.5951 

0.6133 

0.366b 

U.  6725 

4,80 

0.2668 

0.6012 

j.  54*. 6 

0.6  W2 

0.  1014 

0-6207 

4.VU 

0,7897 

U. 6066 

l,»  S6  1/ 

0.02m n 

(..  W  v  * 

. 

5.00 

0.3117 

0.6122 

0. 3014 
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